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(U)  A comprehensive,  four-phase,  three-year  propram  is  in  pro- 
press  to  investipate  methods  of  improving  the  performance  of 
fan-drive  turbines.  The  goals  of  this  program  are  to  develop  tur- 
bine design  procedures  and  aerodynamic  techniques  for  high 
work,  efficient,  low-pressure  turbines.  The  first  phase  effort  ol 
defining  the  preliminary  turbine  design  has  been  completed  and 
the  results  were  re.-  ;ted  ( Reference  I ).  The  second  phase  con- 
sists of  an  experimental  evaluation  which  includes  establishment 
of  both  two-dimensional  loss  levels  and  three-dimensional  How 
behavior  for  the  baseline  airfoils  and  for  airfoils  utilizing  various 
boundary  layer  control  methods.  The  design  of  the  baseline 
cascade  packs  was  reported  in  the  Reference  2 Report,  and  the 
three-dimensional  performance  of  the  baseline  airfoils  was  re- 
ported in  the  Reference  3 Report.  The  test  results  of  the  base- 
line airfoil  boundary  layer  control  methods  and  the  performance 
of  the  decreased  solidity  annular  cascades  are  presented  in  this 
report. 
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suction  i 

INTRODUCTION 

( U)  Design  analysis  and  optimi/ation  studies  of  aireraft  jet  engines  involve  a trade  between 
component  efficiencies  and  engine  si/e  and  weight.  Advanced  mission  studies  show  that  the 
bypass  turhofan  engine,  which  has  seen  increased  use  in  recent  military  aireraft  applications, 
will  continue  to  be  of  primary  interest.  One  characteristic  of  the  turbofan  is  that  fuel  eco- 
nomy increases  with  bypass  ratio.  Higher  bypass  ratios  require  increased  fan  power  to  be 
supplied  by  the  fan  drive  or  low-pressure  turbine.  However,  the  increased  turbine  power 
requirements  must  be  met  without  a turbine  efficiency  decrement. 

(U)  The  efficiency  of  a turbine  is  determined  by  the  turbine  diameter,  rotational  speed, 
number  of  stages  and  airfoil  loading.  In  particular,  fan-drive  turbine  design  is  constrained  by 
several  other  requirements.  The  rotational  speed  of  the  turbine  must  be  limited  in  order 
that  the  fan  tip  Mach  number  does  not  exceed  the  limit  for  acceptable  losses.  For  higher 
by  pass  ratios,  where  larger  fan  diameters  are  required,  this  problem  is  further  aggravated. 
Applying  conventional  aerodynamics,  at  fixed  rotational  speed,  increased  work  can  only  be 
realized  by  a further  increase  in  the  number  of  stages  and/or  the  turbine  diameter.  Reduc- 
tion of  the  turbine  diameter  or  airfoil  solidity  results  in  a lighter  turbine,  but  also  leads  to  a 
sacrifice  in  efficiency  due  to  losses  associated  with  increased  airfoil  loading.  If  the  turbine 
diameter  and  solidity  can  be  reduced  without  a penalty  in  turbine  efficiency,  considerable 
gains  can  be  realized  by  the  engine.  Therefore,  the  promise  of  turbofan  engines  depends  to 
a large  extent  on  improved  fan-drive  turbine  technology. 

< U)  The  objective  of  the  work  done  under  this  contract  is  to  analyze  and  test  concepts  which 
will  increase  the  fan-drive  turbine  loading  while  maintaining  or  increasing  the  efficiency 
level.  The  goals  of  this  program  are  to  develop  design  procedures  and  turbine  aerodynamic 
techniques  for  efficient  high-work,  low-pressure  turbines  by  means  of  analytical  studies  and 
cascade  testing,  and  to  demonstrate  the  effectiveness  of  the  techniques  by  designing  and  test- 
ing a two-stage  turbine  that  meets  or  exceeds  the  Contract  stage-work  and  efficiency  goals. 

(U)  The  complete  picgram  is  being  conducted  in  four  phases  over  a three  year  period  which 
commenced  on  I J;  nuary  1968.  Phase  I defined  the  basic  turbine  design  and  an  analysis  of 
promising  increased  loading  concepts  was  completed.  The  results  of  the  Phase  1 study  were 
reported  in  the  Ref<  renee  1 Report.  Phases  I!  and  III  consist  of  experimental  testing  to 
verify  and  extend  tl  e turbine  aerodynamic  techniques  and  design  procedures  for  high  load- 
ing levels.  The  design  details  of  the  baseline  cascade  test ; irfoils  for  both  the  annular  seg- 
ment and  plane  cascade  rig  were  reported  in  the  Reference  2 Report.  The  results  of  the 
annular  cascade  testv.g  of  the  four  baseline  airfoils  were  reported  in  the  Reference  3 Report. 
Phase  IV  will  subjec.  the  aerodynamic  techniques  and  design  procedure  to  a two-stage  rotat- 
ing rig  test. 

(U)  Work  on  the  Contract  during  this  report  period  proceeded  on  Phase  II  and  the  design 
and  fabrication  effort  of  Phase  111.  Design  work  was  initiated  on  Phase  IN'.  The  results  of 
the  boundary  layer  control  technique  evaluations  and  the  nedium  solidity  baseline  tests  are 
described  in  this  Report.  The  status  of  the  remaining  l’h.i  c 11  tasks  is  also  presented. 


SUCTION  11 


BACKGROUND 

(U)  The  objective  of  Phase  I stiuly  was  to  select  a preliminary  turbine  design  that  is  capable 
of  meeting  the  performance  requirements  of  this  Contract.  These  requirements  are  summa- 
rized in  Table  1. 


TABLE  I 

TURBINE  DESIGN  PARAMETERS 


Number  of  Stages 

Average  Load  Coefficient,  C|  * 

First  Blade  Tip  Wheel  Speed 

First  Blade  Inlet  Hub— Tip  Diameter  Ratio 

Exit  Swirl  Angle-Without  Exit  Guide  Vanes 

Exit  Svvir!  Angle— With  Exit  Guide  Vanes 

Turbine  Inlet  Temperature 

Airflow 


Average  Stage  Efficiency 


Life 


2 

2.2 

1 000  fps 


<0.8 

20° 

0° 

1450°F 
> 50  lbs/sec 
91% 

10,000  hrs 


(U)  The  Phase  I analysis  has  been  completed  and  the  resul  s were  reported  in  the  Reference 
1 Report  These  analyses  included  the  consideration  of  fiewpath.  reaction  level,  load  coeffi- 
cient level,  and  variations  in  work  distribution  for  which  velocity  triangles  were  generated. 
Futhermore,  as  part  of  Phase  1,  preliminary  airfoil  contour;  were  defined  for  the  same  veloc- 
ity triangles  at  three  levels  of  reaction  and  three  levels  of  solidity  for  the  resulting  stages. 

(U)  The  medium-reaction,  normal  solidity  airfoils  were  seh  cted  for  the  Phase  11  and  III  base- 
line evaluations.  These  airfoil  sections  were  then  subjected  ,c  additional  refinement,  which 
included  evaluation  of  tiic  two-dimensional  boundary  layer  behavior.  The  baseline  airfoil 
contours,  for  the  first  and  second  vanes  and  the  first  and  second  b'ades.  were  described  in 
the  Reference  2 Report.  All  of  the  baseline  airfoils  were  lal>r'cated  and  evaluated  in  an  an- 
nular segment  cascade.  These  results  were  presented  in  the  Reference  3 Report.  A summary 
of  the  test  results  is  shown  in  Table  It,  where  the  measured  loss  coefficients  ( 1-0-)  are  tab- 
ulated. 
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TAB  LI:  11 

Ml  ASURI  l)  LOSS  VS  PRIDICTLD  BASF  L1N1  AIRFOILS 


Midspan 

Overall 

Turbine  Design 
Midspan  I xit 
Mach.  No. 

Test 

Predicted 

Bou ndary 

Correlation  Layer 

Test 

Pred. 

First  Vane 

0.854 

0.032 

m 

■ 

0.049 

First  Blade 

0.780 

0.0266 

0.036 

0.049 

0.040 

0 054 

Second  Vane 

0.869 

0.021 

0.028* 

0.036 

0.046 

V 

0.050 

Second  Blade 

0.904 

0.028 

0.030 

0.044 

0.038 

0.042 

*With  inlet  turbulence  screen 


(U)  The  baseline  second  vane  was  chosen  for  further  end  wall  loss  study  by  the  process  of 
elimination.  The  first-stage  vane  and  blade  inside  diameter  end-wall  extensions  indicated  seme 
separation  beyond  the  test  cascade  which  could  influence  probe  readings  near  this  wall  in 
future  tests  if  it  became  more  severe.  1 he  short  second  stage  blade  chord  makes  the  fabri- 
cation of  end-wall  boundary  layer  control  techniques  difficult. 

(U)  Four  boundary  layer  control  techniques  were  selected  for  application  to  the  second 
vane  airfoil.  These  airfoil  variations  were  fabricated  and  'he  results  of  tests  conducted  on 
the  four  variations  are  presented  in  this  report. 

(U)  As  part  of  Phase  II.  lower  solidity  airfoils  were  also  ( e.ugned.  These  airfoils  were  de- 
signed for  a 1 5 percent  increase  in  Zweifcl  load  coefficient  and  are  referred  to  as  medium 
solidity  airfoils  in  reports  under  this  Contract.  The  airfoi'  section  and  fabrication  coordi- 
nates were  reported  in  the  Reference  3 Report.  These  air  oils  were  fabricated  and  evalu- 
ated during  this  report  period.  The  results  are  presented  in  this  report. 
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SECTION  III 

1 WO-D I M EN  S ION  A L DESIGN  VIIKI1  IC'AT  iON  (TASK  Ha) 

1.  RFP  OBJECTIVE 

(U)  Provide  an  experimental  verification  of  the  two-dimensional  design  characteristics. 

2.  TASK  OBJECTIVE 

(U)  The  purpose  of  this  Task  is  to  conduct  plane  cascade  tests  in  order  to  verify  the 
aerodynamic  concepts  applied  to  the  turbine  design  during  the  Phase  I Program,  and 
to  establish  the  two-dimensional  loss  levels  for  the  chosen  turbine  airfoil  profiles  at 
design  conditions. 

(U)  The  plane  cascade  tests  will  serve  two  equally  important  purposes.  First,  the  mea- 
sured profile  losses  will  be  compared  with  those  contained  in  the  existing  design  pro- 
cedures in  order  to  verify  their  accuracy.  Secondly,  the  total  pressure  and  flow  angle 
profiles  at  the  exit  plane  will  indicate  whether  or  not  the  surface  boundary  layer  has 
separated.  Each  airfoil  has  been  designed  so  that  such  two-dimensional  separation 
should  not  occur,  and  these  tests  will  constitute  a verification  of  the  entire  airfoil  sec- 
tion design  procedure. 

3.  STATUS 

(U)  Six  medium-reaction  normal-solidity  airfoil  section  cascades  were  designed  and 
fabricated.  The  design  details  of  the  airfoil  sections,  including  the  airfoil  coordinates 
and  fabrication  details  of  the  cascade  test  packs,  were  presented  in  the  Reference  2 Re- 
port. 

(U)  Three  of  the  cascade  packs  have  been  tested  ana  (he  fourth  is  currently  being 
evaluated.  Data  analysis  is  proceeding  on  the  tested  airfoils.  However,  for  complete- 
ness, the  results  of  the  plane  cascade  testing  will  be  reported  in  the  next  Interim  Tech- 
nical Report,  when  the  results  of  all  six  cascade  tests  will  be  available. 
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BOUNDARY  LAYER  CON  I ROL  I VALUA  TION  (TASK  lie) 


RIT  OBJECTIVE 


( U)  Determine  the  effects  of  the  most  promising  boundary  laser  control  techniques 
on  corner  flow  separation. 

« 

TASK  OBJECTIVE 

C U > The  RTF  objective  indicates  that  methods  to  eliminate  corner  flow  separation  will 
be  considered.  Subsequent  baseline  tests  indicated  that  the  end-wall  problem  Tor  these 
airfoils  was  not  corner  boundary  layer  separation,  but  rather  the  secondary  How  of  the 
end-wall  boundary  layer  across  the  channel.  This  can  be  seen  in  the  baseline  tests  as 
high  loss  regions  in  all  suction  surface  corners.  These  regions  probably  originate  on  the 
end-wall,  but  migrate  from  pressure  surface  to  suction  surface  and  accumulate  in  the 
corners.  Therefore,  the  boundary  layer  control  methods  that  apply  to  the  baseline  air- 
foils are  those  that  reduce  the  secondary  How  at  the  end-walls. 

(U)  Tour  boundary  layer  control  methods  were  selected  and  these  were  applied  to  one 
airfoil.  The  chosen  airfoil  was  the  second  vane,  for  reasons  given  in  Section  11.  The 
selected  methods  that  were  experimentally  evaluated  are: 

• flow  fences  and  increased  surface  roughness 

• local  airfoil  recontouring 

• end-w  all  contouring 

• local  airfoil  recambering 

The  results  of  these  tests  will  be  presented  in  the  above  order. 

(U)  These  task  objectives  were  met,  and  the  task  was  completed  by  the  following 
steps: 

• Application  of  four  methods  of  boundary  layer  control  techniques  indicating 
the  Lest  potential  for  lowering  end  loss 

• Measurement  of  all  important  aerodynamic  properties  at  the  cascade  inlet 
am  exit  planes 

• Me.  surement  at  design  Reynolds  Numbe  ' and  design  incidence  for  three  exit 
Ma«  h numbers 

• Reconstruction  of  the  entire  exit  plane  loss  distribution 

• Reconstruction  of  the  entire  exit  plane  f ow  pattern 

• Flow  visualization  of  the  airfoil  and  end-wall  flow  patterns 

• Care ful  analysis  of  all  data  and  visual  clues 

• Measurement  of  the  airfoil  surface  static  pressure  distributions  at  three  radial 
locations 

• Evaluation  of  the  effectiveness  of  each  boundary  layer  control  method,  rel- 
ative to  each  other  and  to  the  baseline  to;  t results 

• Selection  of  best  boundary  layer  control  technique  for  optimization 
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3.  CASCADE  PACK  DliSIC.N 

(U>  The  cascade  pack  chosen  tor  the  boundary  layer  control  technique  evaluation  was 
the  second  vane.  The  design  of  the  baseline  second  vane  cascade  pack  was  presented 
in  the  Reference  2 Report.  The  boundary  layer  techniques  were  applied  to  this  cascade, 
and  the  hardware  variations  for  each  test  will  be  discussed  in  the  section  devoted  to 
each  of  the  boundary  layer  techniques. 

(U)  As  in  the  baseline  evaluation,  airfoil  surface  static  pressure  taps  were  distributed 
around  each  cascade  test  airfoil  at  the  root,  mean  and  tip  section.  The  details  of  the 
tap  locations  were  given  in  tin.  Reference  3 Report. 

(U)  A single  cone  probe  was  used  for  simultaneously  measuring  local  exit  plane  total 
pressure  static  pressure,  and  exit  gas  flow'  angle.  Details  of  the  probe  design  were  pre- 
sented in  the  Reference  2 Report.  The  probe  was  calibrated  to  determine  total  and 
static  pressure  errors  due  to  the  pitch  angle  over  the  test  Mach  number  range.  Based 
on  this  calibration  and  the  theoretical  pitch  angle,  corrections  were  provided  for  the 
data  reduction  program. 

(U)  A total  pressure  probe  was  also  installed  just  upstream  of  the  test  airfoils  in  order 
to  measure  the  losses  of  the  turning  vanes.  The  total  pressure  loss  measured  for  the 
inlet  turning  vanes  was  used  to  determine  the  local  inlet  total  pressure  profile  up- 
stream of  the  test  airfoils.  Turning  vane  losses  are  used  to  define  the  test  airfoil  inlet 
conditions  in  the  data  reduction  program  which  calculates  the  test  airfoil  performance. 

(U)  The  inlet  flow  angle  approaching  the  test  airfoils  was  also  measured  for  the  cas- 
cade. The  value  of  the  incidence  angle  was  determined  from  this  measurement. 

(U)  The  experimental  accuracy  of  the  loss  coefficient  ( l-d>~)  is  estimated  to  be  ±0.003. 
Values  that  will  be  given  during  the  discussion  of  ti  e data  are  to  three  significant 
digits.  The  purpose  for  doing  this  is  for  identification  only,  since  sometimes  it  is 
easier  to  idei  t**'y  a particular  test  by  loss  level  rather  than  its  physical  description. 

( U ) Data  foi  all  tests  were  taken  at  the  airfoil  design  Mach  number  and  Reynolds 
Number,  as  v ell  as  at  two  other  Mach  number  levels  where  the  Reynolds  Number 
was  no  longci  matched.  As  the  airfoil  exit  Mach  number  increases,  the  Reynolds 
Number  also  ncreases.  The  general  tendency  is  for  the  loss  level  to  decrease  as  Mach 
number  and  Reynolds  Number  increase.  This  is  true  until  Mach  numbers  approach  and 
exceed  sonic  ' allies,  causing  shocks.  Then,  in  this  case,  the  loss  level  increases  with  in- 
creasing Mach  number  and  Reynolds  Number. 

(U)  During  tue  course  of  this  investigation,  a great  number  of  flow  visualization  photo- 
graphs using  oil  and  graphite  tracers  were  taken.  These  photographs  have  a number  of 
items  in  common  which  should  be  noted,  including 

• Profile  flow  patterns  which  always  indicate  transition  on  the  trailing  portion  of 
the  suction  side,  a condition  found  in  turbines  (with  possible  exception  observed 
during  flow  fence/increased  roughness  test) 
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• No  flow  separation  observed  on  the  airfoil  profile,  verifying  the  validity  of  the 
airfoil  surface  static  pressure  distribution  program 

• Attached  How  on  the  cascade  end-wall  extensions  which  substantiates  use  of  the 
second  vane  for  these  tests 

« 

• Indication  of  a strong  corner  or  secondary  How  effect  in  the  suction  surface  and 
end-wall  corners,  with  no  sign  of  separation,  implying  that  the  important  thing  to 
do  is  to  decrease  the  cross-flow. 

4.  FLOW  FENCE  AND  INCREASED  SURFACE  ROUGHNESS 

(U)  Even  though  there  was  considerable  doubt  about  their  effectiveness  in  controlling 
secondary  Hows,  two  methods  that  were  given  some  consideration  were  the  use  of  a 
flow  fence  and  increased  surface  roughness.  The  intention  of  the  flow  fence  was  to 
block  or  impede  channel  cross-flows  at  the  end  walls,  w hile  the  intention  of  the  increased 
surface  roughness  was  to  force  the  boundary  las  er  to  be  turbulent  and.  consequently, 
as  thin  as  possible.  These  tests  were  carried  out  in  spite  of  the  lack  of  promise  largely 
because  they  were  easily  added  on  to  the  primary  test  program,  and  because  it  w'as  felt 
that  they  would  add  to  our  understanding  of  secondary  How  s.  It  was  also  possible  to 
do  this  testing  without  interfering  w ith  the  primary  test  schedule.  Both  methods  were, 
in  fact,  simultaneously  tested  on  opposite  walls  of  the  same  cascade. 

tU)  The  design  of  the  flow  fence  was  described  in  the  Reference  3 Report,  and  is  shown 
in  Figure  1 for  convenience.  This  fence  was  applied  to  the  second  vane  outside  diameter 
wall  and  its  height  was  obtained  from  the  suction  surface  secondary  How  patterns  that 
were  observed  in  the  baseline  tests  reported  in  the  Reference  3 Report.  Those  patterns 
indicated  a mdially  inward  movement  of  the  boundary  layer  at  the  airfoil  trailing  edge, 
extending  approximately  0.5  inch  from  the  wall  sur 'ace.  Allowing  for  the  growth  of 
the  corner  vortex  size  from  inside  the  passage  to  the  exit  plane,  the  fence  height  required 
to  significantlv  reduce  the  end  wall  cross-flow  was  estimated  to  be  one-half  the  trailing 
edge  size,  or  ( .3  percent  of  the  span.  The  fence  was  mounted  in  four  passages  midway 
between  airfoil  surfaces  and  extended  the  full  passage  length  front  loading  edge  to  trail- 
ing edge  (see  Figure  2). 

(U)  Roughening  of  the  inside  diameter  wall  was  ac.  omplished  by  attaching  emery  cloth 
to  the  end-wall  region  in  four  passages.  Cal  ■ : . of  the  wall  boundary  layer  indi- 
cated that  the  boundary  layer  would  be  transitu  in  the  region  between  the  inlet 
guide  vanes  an  1 test  airfoils.  Since  this  calculation  involved  approximation  of  the  pres- 
sure gradient  through  the  rig.  it  was  decided  to  increase  the  surface  roughness  in  case 
the  boundary  layer  had  not  transitioned.  The  calculated  boundary  layer  thickness  prior 
to  transition  was  0.20  inch.  A No.  50  grit  emery  cloth  with  a roughness  height  of  0.013 
inch  was  used,  i his  height  is  greater  than  the  computed  critical  value  required  for  bound- 
ary layer  transition.  The  emery  cloth  was  cemented  to  the  inside  diameter  end-wall  and 
to  the  leading  xlges  of  the  airfoils  adjacent  to  the  in  ide  diameter  wall  ( See  Figure  3). 
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SHEET  METAL  FENCE 
. FORMED  TO  THIS  LINE 


1.  FENCES  ARE  MADE  FROM  0 020 
SHIM  STOCK 

2.  FENCES  TACKWELDED  IN 
PLACE  THEN  eRAZED.  BRAZE 
RADIUSED  AROUND  ROOT  T0‘ 
0.030  - 0.050  INCHES. 

3.  FENCES  CENTERED  BETWEEN 
AIRFOILS  AS  SHOWN 


Fisure  1 Second  Vane  O.  D.  Shroud  Flow  Fence  Installation 


' 

PYTH 


Figure  2 Oil  and  Graphite  Flow  Pattcrns-Second  Vane  ' ith  View  of  Outside  Diameter 
Flow  Fences;  Midspan  Fxit  Mach  No.  =0.903 
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Figure  3 Oil  anu  Graphite  Flow  Patterns -Second  Van:  with  View  of  Inside  Diameter 
Increased  Surface  Roughness:  Midspan  H\it  Mach  No.  =0.903 


(U)  Plots  of  1 ic  important  aerodynamic  quantities  based  on  the  inlet  and  exit  plane 
measurements  for  each  test  will  always  be  presented  in  the  following  order  and  will  be 
simply  referred  to  as  performance  data  in  this  Report: 

• total  pressure  loss  contour  plots 

• exit  gas  angle  contour  plots 

• a\  rage  spun  wise  total  pressure  loss  distribution 

• aver..?:  spanwise  loss  coefficient  distribution 

• aver  ige  spanwise  exit  How  angle  distribut  on 

• average  spanwise  exit  Mach  number  distribution. 

The  performance  data  for  the  flow  fence  and  increare  I surface  roughness  test  are  shown 
in  Figures  4 through  9.  Also,  a plot  of  the  inlet  guide  vane  and  duet  loss  is  shown  in 
Figure  10. 
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Pressure  Loss  Contours.  Second  Vane  - Scree  • Removed.  Three  Flow  Passages 
Midspa  l Lxit  Mach  No.  = 0.‘>03.  ().  D.  Flow  1 cnees  and  I I).  Roughness 
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Figure  6 Spanwisc  Pressure  Loss  Distribution,  Second  Vane  - Screen  Removed,  Midspan 
Exit  Mach  No.  = 0.903,0.  D.  Flow  Fences  and  i.  D.  Roughness 
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Spanwisc  Loss  Coefficient  Distribution.  Second  Vane  - Screen  Removed,  Mid 
span  Lxit  Mach  No.  = 0.903.  O.  D.  Flow  Fences  and  I.  I).  Roughness 


Figure  8 Spanwise  Kxit  Gas  Angle  Distribution,  Second  Vane  - Screen  Removed,  Mid- 
span Fxit  Mac!)  No.  = 0.903,  O.  D.  Flow  Fences  and  I.  I).  Roughness 
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Figure  9 Spanwisc  Fxit  Mach  Number  Distribution.  Second  Vane  - Screen  Removed. 

Midspan  Fxit  Macli  No.  ■=  0.903,  O.  D.  Flow  Fences  and  1.  D.  Roughness 


INLET  DUCT  LOSS-PSIA 


UNCLASSIFIED 


1.0 


0 20  40  6C  80  100 


PERCENT  OF  RADIAL  CPAN 

Figure  10  Inlet  Di.et  Loss  Versus  Percent  Radial  Span -Second  Vane  Cascade  With  I.D. 

Roughness  and  O.D.  Flow  Fences 

(U)  A comparison  plot  of  the  average  spanwise  loss  \ ariation  for  the  flow  fence  and 
increased  roughness,  versus  baseline  loss  coefficients,  is  shown  in  Figure  1 1 at  approxi- 
mately the  same  Mach  number.  The  variation  of  the  loss  coefficient  with  Mach  number 
can  be  seen  to  he  very  slight  from  the  data  of  Figure  1 2.  The  contribution  of  each  end 
to  the  overall  lc  .s  is  shown  separately  in  Figure  13.it  order  to  evaluate  the  effect  of 
each  end-wall  tieatment.  A summary  of  these  results  is  tabulated  in  Table  III.  where 
file  loss  values  aa*  compared  with  the  baseline  test  values.  Roth  treatments  resulted  in 
increased  end-wJl  losses,  although  an  unexpected  ini  movement  was  observed  in  the 
midspan  region.  The  low  midspan  values  appear  inco  .•'istent.  but  since  the  end  losses 
were  considerably  higher  than  the  baseline  values,  it  was  not  worthwhile  to  pursue  the 
How  fence  and  increased  surface  roughness  techniques. 
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Distribution  with  Baseline  Values 
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Figure  1 3 Effect  of  Mach  Number  on  Profile  Loss  Coefficient  for  O.  D.  Flow  Fence  and 
I.  D.  Increased  Roughness  Evaluation 


TABLE  III 


EFFECT  OF  FLOW  FENCES  AND  SURFACE 
ROUGHNESS  ON  SECOND  YANI  LOSSES 


Profile  Loss  Coefficients  (1-0”) 
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(U)  The  shift  in  position  of  the  maximum  circumferentially  integrated  loss  from  l>0 
to  (M  percent  span  (See  f igure  1 1 I corresponds  to  a shift  in  the  center  of  the  suction 
corner  vortex  from  S4  to  ‘>4  percent  span,  indicating  the  reduced  migration  effect  with 
reduced  secondare  flow.  However,  the  peak  loss  at  the  \ortex  center  increased  from 
about  7 percent  for  the  baseline  to  lb  percent  by  the  fences.  The  inside  wall  loss  in- 
dicated a continuous  increase  toward  the  wall  due  to  the  surface  roughening,  without 
the  decrease  shown  in  the  baseline  data,  \pparently.  the  end  wall  boundary  layer  had 
m fact  transitioned  to  turbulent  How  and  the  rougher  surface  merely  increased  the 
frictional  drag. 

(U)  Comparison  of  the  baseline  gas  exit  angle  spamvise  distribution  with  the  flow  fence 
/increased  surface  roughness  exit  gas  angles  is  shown  in  f igure  14.  The  discharge  angle 
was  not  affected  by  the  end-wall  treatments  except  at  the  outside  wall,  where  the  anti- 
cipated reduction  in  overturning  due  to  reduced  secondary  flow  is  indicated. 

(U)  To  provide  additional  clues  as  to  the  behavior  of  the  flow  in  the  cascade,  a mixture 
of  oil  and  graphite  was  painted  on  the  airfoils.  Figures  2 and  3.  and  Figures  15  and  16 
show  the  location  of  the  flow  fences  on  the  outside  wall  and  the  emery  cloth  on  the 
inside  wall.  The  patterns  indicated  that  the  corner  flow  remained  attached,  although 
the  end-wall  losses  are  high. 
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Figure  14  Comparison  of  Spanwise  Averaged  F.xit  Gai  Angle  Baseline  Distribution  and 
Angles  Measured  w ith  Flow  Fences  Surfaa  Roughness. 
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Figure  1 5 Oil  and  Graphite  Flow  Patterns-Second  Vane  with  View  of  Both  Flow  Fence 
and  Increased  Surface  Roughness  Effects:  Midspan  Exit  Mach  No.  =0.903 


Figure  16  Oil  and  Graphite  Flow  Patterns  Second  Wane  with  View  of  Both  Flow  Fence 
and  Increased  Surface  Roughness  Effects:  Midsp.m  1 \it  Mach  No.  =0.903 
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(It  The  airfoil  surface  static  pressure  distribution  at  the  root,  mean  ami  tip  are  shown 
in  Figures  17  through  I1),  respectively.  T he  measured  loading  in  the  midspan  region  was 
almost  identical  to  the  desired  value.  The  loading  at  the  root  and  tip  sections  does  not 
correspond  to  the  design  values,  primarily  due  to  the  exit-plane  effect  explained  in  de- 
tail m the  Reference  3 Report.  This  is  primarily  due  to  the  fundamental  difference 
between  the  annular  segment  cascade  and  rotating  rig.  since  the  limited  extension  of 
the  inside  and  outside  diameter  walls  tends  to  make  the  exit  plane  static  pressure  uni- 
form and  atmospheric,  rather  than  reproducing  the  radially  increasing  static  pressure 
of  the  axisy  mmetric  rotating  How  . Therefore,  the  airfoil  roots  are  slightly  less  loaded, 
and  the  airfoil  tips  are  slightly  more  loaded,  than  the  complete  turbine  required.  The 
situation  is  further  complicated  by  the  fact  that  the  root  and  tip  are  both  unloaded  be- 
cause they  must  turn  fluid  having  a lower  than  average  velocity. 
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Figure  17  Static-to- Total  Pressure  Ratio  Versus  Percent  of  Axial  Chord.  Second  Vane 

With  I D.  Roughness  and  0.1).  Flow  Fences  1 oot  Section 
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5.  BASll  INI  R1  FI  ST  WITH  RFDI  S1GNIT)  INLFT  GLTDI  VAN  IS 

(U)  The  baseline  second  vane  was  retested  with  redesigned  inlet  guide  vanes.  This  was 
necessary  since  the  diagonal  wakes  from  the  original  inlet  guide  vanes  were  interfering 
with  th''  test  airfoil  exit  plane  measurements,  as  reported  in  the  Reference  3*  Report. 
The  elevation  and  location  of  each  section  of  the  redesigned  inlet  guide  vane  is  shown 
in  Figure  20.  and  the  sections  are  presented  in  Figures  21  through  29,  The  fabrication 
coordinates  for  each  section  are  tabulated  in  Tables  IV  through  XII  in  the  Appendix. 

(U)  The  performance  data  for  the  second  vane,  normal  solidity  baseline  retest  with  the 
redesigned  inlet  guide  vanes  are  presented  in  Figures  30  through  35.  The  inlet  guide 
vane  and  duct  loss  is  shown  in  Figure  3b.  Airfoil  surface  static  pressure  distributions 
at  root,  mean  and  tip  sections  are  shown  in  Figures  37  through  39. 
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FJevation  and  Section  Location  of  the  Redesigned  Second  Vane  Inlet  Guide 
Vane 
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Finn  re  21  Redesigned  Inlet  Guide  Vane.  Second  Vane  Cascade.  Root  Section 
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Figure  22  Redesigned  Inlet  Guide  Vane.  Second  Vane  1 .iscade.  1 <S  Root  Section 
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Figure  23  Redesigned  Inlet  Guide  Vane,  Second  Vane  Cascade.  G Root  Section 
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Figure  24  Redesigned  Inlet  Guide  Vane,  Second  Vane  Cascade.  3 <S  Root  Section 
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Figure  25  Redesigned  Inlet  Guide  Vane,  Second  Vane  Cascade.  Mean  Section 
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Figure  26  Redesigned  Inlet  Guide  Vane,  Second  V.  nc  Cascade,  1/8  Tip  Sc 
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Figure  27  Redesigned  Inlet  Guide  \ ane,  Second  Vane  Cascade.  I ip  Section 
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I'iL’iire  2.S  Redesigned  Inlet  Guide  Vane.  Second  Vine  Cascade,  3\S  T ip  Section 
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Figure  29  Redesigned  Inlet  Guide  Vane.  Second  Va  ic  Cascade,  Tip  Section 
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Figure  35  Spanwise  F.xit  Macli  Number  Distribution,  Second  Vane  - Screen  Removed. 

Midspan  Exit  Mach  No.  = 0.912,  Baseline  With  Redesigned  Inlet  Guide  Vanes 
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Figure  36  Inlet  Duet  Loss  Versus  Percent  Rat 
Redesigned  Inlet  Guide  Vanes 


0 20  AO 

PERCENT  OF  AX 


Figure  37  Static-to 
Baseline 


UNCLASSIFIED 


Figure  38  Static-to-Total  Pressure  Ratio  Versus  Percent  of  Axial  Chord.  Second  Vane 
Baseline  With  Redesigned  Inlet  Guide  Vanes  -Mean  Section 
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Baseline  With  Redesigned  Inlet  Guide  Vanes  l ip  Section 
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(U)  Analysis  of  this  data  indicated  that  excessive  inlet  boundary  losses  were  migrating 
into  the  test  passage  due  to  outside  diameter  corner  boundary  layer  separation  and  sec- 
ondary flow  currents  within  the  inlet  guide  vane  channels.  I his  can  be  clearly  seen  on 
the  total  pressure  loss  contour  maps  t f igure  30),  where  pockets  of  large  losses  are  seen 
at  the  outside  portion  ol  the  test  airfoil  channel.  Io  correct  this,  boundary  layer  bleed 
slots  were  cut  into  the  inlet  guide  vane  pack  inside-diameter  and  outside-diameter  walls. 
The  slots  were  cut  close  to  the  inlet  guide  vane,  along  the  full  length  of  the  chord,  on 
the  acute  angle  side  of  the  passage.  Initially,  a 0.125  inch  wide  slot  was  cut  at  the  out- 
side-diameter.  and  a 0.094  inch  slot  at  the  inside-diameter. 

(U)  This  baseline  second  vane  cascade,  with  the  redesigned  inlet  guide  vanes  and  the 
boundary  layer  bleeds  was  tested  in  the  annular  segment  cascade.  The  performance 
data  is  presented  in  Figures  40  through  45.  The  inlet  duct  loss  with  the  boundary  layer 
bleeds  is  indicated  in  Figure  46.  1 he  airfoil  surlaee  statics  are  shown  in  figures  47 
through  49.  Analysis  of  this  data  w ith  the  boundary  layer  bleeds  showed  significant  im- 
provement of  the  pressure  loss  contours  at  the  end-walls,  especially  at  the  tip  section. 
The  cascade  was  free  of  inlet  guide  vane  wakes  and  end-wall  losses  over  all  ol  the  span 
with  the  exception  of  a small  region  at  the  inside  diameter  wall,  which  had  a slight  dis- 
turbance. Furthermore,  oil  and  graphite  flow  visualization  tests  were  made  on  the  test 
airfoils  and  these  are  shown  in  Figures  50  through  53.  These  indicate  attached  flow  over 
the  airfoil  with  some  radial  inflow  at  the  endwalls. 

(U)  A photograph  of  the  patterns  on  the  inlet  guide  vane  suction  surface  is  shown  in 
Figure  54.  It  can  be  observed  from  this  photograph  that  there  was  a strong  tendency 
for  radial  flow  toward  the  bleed  slots  along  the  guide  vanes.  Consequently,  a program 
to  minimize  the  boundary  layer  bleed  slots,  in  order  to  maintain  the  lowest  bleed  I low 
and  still  prevent  the  accumulation  of  losses  due  to  the  inlet  duct  boundary  layer  separa- 
tion. was  undertaken. 

(U)  As  a result  o,'  this  program,  it  was  found  that  the  o .aside  diameter  boundary  layer 
bleeds  vould  be  reduced  from  0.125  to  0.047  inch  in  wi  itii  and  still  prevent  inlet  duct 
boundary  layer  el  Vets  on  the  test  airfoils.  The  inside  diameter  slots  were  not  changed. 
The  performance  lata  of  the  baseline  cascade  with  these  “optimum  bleeds  are  shown 
in  Figures  55  through  60.  The  inlet  guide  vane  and  duct  loss  witii  the  optimum  bleeds 
is  shown  in  Figure  61 . Analysis  ot  these  data  indicated  a shilt  ot  the  baseline  loss  coel- 
ficients  to  a slight!;'  lower  level,  compared  to  the  original  baseline  data  without  bleeds. 
F.xtremely  thorough  checks  of  hardware,  instrumentation  and  data  did  not  resolve  the 
data  shift.  To  verify  the  accuracy  of  the  optimum  Fleet  test,  this  test  was  rerun  and 
the  lower  loss  leve’  was  repealed.  The  reason  for  the  lower  loss  level  is  probably  due  to 
a lower  turbulence  Ttensity  of  the  flow  as  seen  by  the  test  airfoil:  this  lower  turbulence 
resulting  from  the  bieeding  of  inlet  boundary  layer. 


PAGE  NO.  39 


UNCLASSIFIED 


S | j j i I .uM-Jmfcid 

' — • "apo/po  contours  “+‘  J~- 

Figure  40  Pressure  loss  Contours.  Second  Vane  - Screen  N .'moved.  Three  Flow  Passages 
Midspan  l:\it  Mach  No.  = 0.86‘>.  Baseline  With  Redesigned  Inlet  Guide  Vanes 
and  Bourdarv  Laver  Bleeds 


UNCLASSIFIED 


0.12 


UNCLASSIFSCB 


Spanwise  Pressure  Loss  Distribution.  Second  Vane  - Screen  Removed,  Midspan 
Exit  Mach  No.  = 0.869.  Baseline  With  Redesigned  Inlet  Guide  Vanes  and  Bound 
ary  Layer  Bleeds 
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Fijuirc  43  Spamvise  Loss  Coefficient  Distribution,  Second  Vane  - Screen  Removed.  Mid- 
span  l.xit  Mach  No.  - 0.iS6‘>.  Baseline  With  Redesigned  Inlet  (!uide  Vanes  and 
Boundary  Layer  Bleeds 
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Spanwisc  Exit  Mach  Number  Distribution.  Second  Vane  - Screen  Removed. 
Midspan  Exit  Mach  No.  = 0.869,  Baseline  With  Redesigned  Inlet  Guide  Vanes 
and  Boundary  Layer  Bleeds 


0 20  40  60  SO  1 00 


PERCENT  OF  AXIAL  CHORD 

Figure  48  Static-to-Total  Pressure  Ratio  Versus  Percent  of  Axial  Chord.  Seeond  Vane 
Baseline  With  Redesigned  Inlet  Guide  Vanes  and  Boundary  Layer  Bleeds 
Mean  Section 
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Figure  50  Oil  and  Graphite  Flow  Patterns  Second  Vane  with  Redesigned  Inlet  Guide 


Vanes  and  Original  Boundary  Layer  Bleed  Slots;  View  of  Upstream  Inside 
Diameter;  Midspan  Lxit  Mach  No.  =0.87 


Figure  51  Oil  anil  Graphite  Flow  Patterns  -Second  Vane  with  Redesigned  Inlet  Guide 
Vanes  a v)  Original  Boundary  l ayer  Bleed  Slob.;  View  ol  Downstream 
Outside  Diameter;  Midspan  Lxit  Mach  No.  =0  87 


PAGE  NO. 


48 


UNCLASSIFIED 


UNCLASSIFIED 


Figure  52  Oil  and  Graphite  Flow  Patterns-Second  Vane  with  Redesigned  Inlet  Guide 
Vanes  and  Original  Boundary  Layer  Bleed  Slots:  View  of  Downstream 
Inside  Diameter;  Midspan  Exit  Mach  No.  =0.87 


Figure  53  Oil  and  Giaphite  Flow  Patterns  Second  Vane  .vith  Redesigned  Inlet  Guide 
Vanes  and  Original  Boundary  Layer  Bleed  Slot.,  View  of  Downstream 
Outside  Diameter;  Midspan  Exit  Mach  No.  =0.,’" 
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Figure  54  Oil  ;uul  Craphite  I low  i’alterns  Inlet  (luide  Vane  with  Original  Boundary 
Layer  Bleed  Slots;  Midspan  I . x i t Mach  No.  =0.87 
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Figure  55  Pressure  Loss  Contours.  Second  Vane  - Scree  i Removed.  Three  I low  Passac. 

Midspan  L.xit  Mach  Nt».  = 0.SS5.  Baseline  Vvi.L  Redesigned  Irdct  (iiiide  L »n.c 
and  Optimum  Boundary  Layer  Bleeds 
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Optimum  Boundary  Layer  Bleeds 


Figure  59  Spanwisc  Pxit  Gas  Angle  Distribution,  Second  Vane  - Screen  Removed,  Mid- 
span P.xil  Mach  No.  = 0.XX5,  Baseline  With  Redesigned  Inlet  Guide  Vanes  and 
Optimum  Boundary  Layer  Bleeds 
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Figure  61  Inlet  Di  c:  Loss  Versus  Percent  Radial  Span-Second  Vane  Cascade  With  Re- 
designet inlet  Guide  Vanes  and  Optimum  Boundary  Layer  Bleeds 

(U)  An  inlet  screen  was  then  installed  in  the  cascade  in  order  to  restore  a more  realistic 
turbulence  intensity  level.  The  performance  data  of  the  baseline  airfoil  with  the  screen 
and  optimum  boundary  layer  bleeds  are  shown  in  Figures  62  through  67.  It  is  important 
to  note  that  the  loss  level  (0.0326)  duplicated  the  initial  baseline  value  (0.0341  within 
experimental  accuracy  (±  0.003).  Oil  and  graphite  flow  visualization  tests  on  these  air- 
foils shown  in  Figures  68  and  69.  indicated  uniform,  unseparated  How  . Based  on  these 
results,  the  recontoi  icd  airfoil,  contoured  end-wall  and  re  cambered  airfoil  cascade 
packs  were  tested  with  the  screen  in  the  inlet.  After  these  tests,  the  baseline  evaluation 
was  repeated  in  order  to  verify  the  integrity  of  these  tests.  The  performance  data  of 
the  repeated  tests  are  shown  in  Figures  70  through  75.  T1  ' airfoil  surface  static  pres- 
sures are  shown  in  Figures  76  through  78.  and  the  flow  visualization  photographs  in 
Figures  79  and  80.  The  repeated  baseline  tests  (overall  lo  .s  coefficient  of  0.0349) 
verified  the  previous  baseline  (overall  loss  coefficient  of  0.0326)  very  closely. 
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Presstire  Loss  Contours.  Second  Vane  - Screen  '1. stalled.  1 hree  Flow  Passages 
Midspan  Lxit  Mach  No.  O.K02.  Baseline  With  Redesigned  Inlet  Ciuide  Vanes 
and  Optimum  Boundary  Layer  Bleeds 
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-EXIT  GAS  ANGLE  CONTOURS,  DEGU1.ES 

F.xit  Gas  Angle  Contours.  Second  Vane  - Sere  n Installed.  Three  Mow  Passages 
Midspan  H.xit  Mach  No.  = O.N02.  Baseline  Wit  i Redesigned  Inlet  Ciuide  \ anes 
and  Optimum  Boundary  Layer  Bleeds 
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Figure  64  Spanwise  Pressure  Loss  Distribution,  Second  Vane  - Screen  Installed,  Midspan 
IIx it  Mach  No.  = 0.862,  Baseline  With  Redesigned  Inlet  Guide  Vanes  and 
Optimum  Boundary  Layer  Bleeds 
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Optimum  Boundary  Layer  Bleeds 
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and  Optimum  Boundary  Layer  Bleeds 


Figure  68  Oil  and  Graphite  Flow  Patterns— Second  Vane  with  Redesigned  Inlet  Guide 
Vanes,  Optimum  Boundary  Layer  Bleeds  and  Screen  Installed;  View  of 
Downstream  Inside  Diameter;  Midspan  Fxit  Mach  No.  =0.862 


Figure  66  Oil  and  Graphite  Flow  Patterns  -Second  Van  > with  Redesigned  Inlet  Guide 
Vanes.  Optimum  Boundary  Layer  Bleeds  and  Screen  Installed;  View  of 
Downstream  Outside  Diameter;  Midspan  Lx  it  Mach  No.  =0.862 
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Figure  70  Pressui  j Loss  Contours.  Second  Vane  - Sera  n Installed,  Three  Flow  Passages 
Midspan  Exit  Mach  No.  = 0.860.  Baseline  Wit!  Redesigned  Inlet  Guide  Vanes 
and  Optimum  Boundary  Layer  Bleeds 
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Figure  73  Spanwise  Loss  Coefficient  Distribution,  Second  Vane  - Screen  Installed,  Mid 
span  Lxit  Mach  No.  = 0.K60,  Baseline  With  Redesigned  Inlet  Guide  Vanes 
and  Optimum  Boundary  Layer  Bleeds 
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Optimum  Boundary  Layer  Bleeds 
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and  Optimum  Boundary  Layer  Bleeds 
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PERCENT  OF  AXIAL  CHORD 


Figure  77  Static-to-Total  Pressure  Ratio  Versus  Percent  o.‘  \\ial  Chord.  Second  Vane 

Baseline  ’•Vith  Redesigned  Inlet  Guide  Vanes.  Optimum  Boundary  Laser  Bleeds 
and  Inlet  Screen-Mean  Section 
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Figure  78  Stutic-to-Total  Pressure  Ratio  Versus  Percent  of  Axial  Chord.  Second  Vane 

Baseline  With  Redesigned  Inlet  Guide  Vanes.  Optimum  Boundary  Layer  Bleeds 
and  Inlet  Screen  Tip  Section 


Figure  79  Oil  and  Graphite  Flow  Patterns  Second  Vatu  Baseline  with  Redesigned  Inlet 
Guide  Vanes,  Optimum  Boundary  Layer  Bleed;  and  Screen  Installed;  Midspan 
Exit  Mach  No.  = 0.S60 
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Figure  80  Oil  ami  Graphite  Flow  Patterns-  Second  Vane  Baseline  with  Redesigned  Inlet 
Guide  Vanes,  Optimum  Boundary  Layer  Bleeds  and  Screen  Installed;  Midspan 
Exit  Mach  No.  = 0.860 
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( L! ) Turbine  airfoils  are.  as  we  know,  very  sensitive  to  the  location  of  boundary  layer 
transition,  which  in  turn  is  strongly  affected  by  the  inlet  conditions.  A good  example 
is  seen  by  the  bump  at  the  midspan  airfoil  loss  coefficient  in  all  the  data,  regardless  ol 
the  end-wall  treatment.  The  combination  of  the  type  of  inlet  guide  vane,  inlet  duct 
geometry  and  inlet  turbulence  triggered  the  transition  earlier  in  the  middle  ot  the  air- 
foil than  anywhere  else,  causing  losses  to  be  slightly  higher  there.  However.* since  this 
feature  consistently  reappeared  in  all  the  remaining  data,  and  since  even  the  highest 
midspan  loss  coefficient  level  was  comparable  to  the  design  value  tor  the  second  vane, 
no  further  note  was  taken  of  this  How  behavior. 

(U)  Even  though  the  remainder  of  this  program  concentrates  on  end  losses  rather  than 
profile  losses,  it  was  felt  that  the  most  reliable  data  would  be  obtained  from  the  closest 
simulation  of  turbine  conditions  in  an  engine.  Therefore,  all  of  our  experience  indicates 
that  these  actual  conditions  were  met  with  the  redesigned  inlet  guide  vane  which  set 
the  proper  test  airfoil  conditions,  the  optimized  boundary  layer  bleeds  which  minimized 
the  effect  of  the  inlet  boundary  layer  effects,  and  the  inlet  screen  which  maintains 
engine-type  turbulence  intensity.  Therefore,  the  effects  of  airfoil  recontouring,  end- 
wall  recontouring  and  airfoil  recambering  were  investigated  with  the  redesigned  inlet 
guide  vane,  optimum  boundary  layer  bleed  and  an  inlet  screen. 

6.  RECONTOL’RED  AIRFOILS 

fU)  One  method  of  reducing  the  end  wall  losses  that  was  investigated  was  local  recon- 
touring of  the  baseline  second  vane  airfoil.  The  airfoil  surface  static  pressure  gradient 
over  the  leading  portion  was  reduced  in  order  to  decrease  the  loading  at  the  airfoil 
leading  edge,  while  keeping  the  overall  loading  constant.  A comparison  of  the  base- 
line root  and  tip  airfoil  profiles  with  the  recontoured  profiles,  along  with  the  predicted 
airfoil  surface  static  pressure  distributions  is  shown  in  Figures  SI  and  82.  These  root 
and  tip  recontoured  sections  were  faired  into  the  existing  midspan  contour  at  approxi- 
mately the  25  and  75  percent  span  locations.  These  changes  are  intended  to  delay  the 
onset  of  stron;  secondary  How  in  the  upstream  portion  of  the  channel  and  thereby, 
to  reduce  the  total  accumulation  of  losses  near  the  airfoil  suction  surface  corners. 

(U)  The  elevat  ion  of  the  recontoured  second  vane  is  shown  in  Figure  83,  and  the  pro- 
files of  the  airfoil  section  are  presented  in  Figures  84  through  91.  The  fabrication  co- 
ordinates for  each  airfoil  profile  are  tabulated  in  Tables  XIII  through  XX  of  the  Appen- 
dix. 
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Figure  83 
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NOTE:  ACTUAL  AIRFOIL  SHOULD  BE  EXTENDED  BY 

CONTINUATION  OF  FAIRING  OF  GIVEN  SECTIONS 
TO  R=  11.945  and  R=7.0  INCHES 


Elevation  end  Section  Location  of  the  Recamtercd  and  Recontoured  Second 
Vane  Airfoils 
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HOT  DIMENSIONS 

NUMBER  OF  FOILS  80  00 

DIAMETER  15.0000  IN. 

GAGING  0 2941  IN. 

PITCH  0.5890  IN. 

AXIAL  WIl-  VH  0.8320  IN. 

BLADE  INLET  ANGLE  37.33  DEG. 

GAS  INLET  ANGLE  37.33  DEG. 

BLADE  EXIT  ANGLE  30.57  DEG. 

GAS  EXIT  ANGLE  30.57  DEG. 

GAGING  ANGLE  29.95  DEG. 

UNCOVERED  TURNING  20.09  DEG. 

PRINCIPAL  AXIS  -17.16  DEG. 

L E.  RADIUS  0.0175  IN. 

T.  E.  RADIUS  0.0100  IN. 

METAL  AREA  0.0920  IN.2 

X Y 

O C.  G.  0.4301  -0.3316 

□ RADIAL  REF  0.4301  -0.3316 

GAGE  0.6024  -0.3787 

-0.20  +0.20  +0.60  +1.00 

AXIAL  COORDINATE  ~ INCHES 

Figure  84  Recontourcd  Second  Vane.  Root  Section  (FF) 
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AXIAL  WIDTH 
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GAS  I'  LET  ANGLE 
BLAD--  EXIT  ANGLE 
GAS  EXIT  ANGLE 
GAGING  ANGLE 
UNCOVERED  TURNING 
PRINCIPAL  AXIS 
L.  E.  RADIUS 
T.  E.  RADIUS 
META!  AREA 

O C.  G. 

□ RAt'IAL  REF. 

GAGS 


-0.20  +0  20  +0  60  +1.00 


X 

a.4125 

0.4301 

0.5916 


80.00 

15.3000  IN. 
0.2962  IN. 
0.6008  IN. 
0.8357  IN. 
37.73  DEG. 
38.00  DEG. 
30  02  DEG. 
29.80  DEG. 
29.54  DEG. 
18.25  DEG. 
-19.33  DEG. 
0.0185  IN. 
0.0100  IN. 

0 0950  IN.2 
Y 

-0.3438 

-0.3316 

-0.3820 


AXIAL  COORDINATE  - INCHES 


Figure  85  Recontourcd  Second  Vane.  Rooi  Fillet  Section  (AA) 
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HOT  DIMENSIONS 

NUMBER  OF  FO.LS 
DIAMETER 
GAGING 
PITCH 

AXIAL  WIDTH 
BLADE  INLET  ANGLE 
GAS  INLET  ANGLE 
BLADE  EXIT  ANGLE 
GAS  EXIT  ANGLE 
GAGING  ANGLE 
UNCOVERED  TURNING 
PRINCIPAL  AXIS 
L.  E RADIUS 
T.  E.  RADIUS 
METAL  AREA 

X 

O C.  G.  0.3464 

□ RADIAL  REF.  0.4301 

GAGE  0.5419 

-0.20  +0  20  +0.60  +1.00 

AXIAL  COORDINATE  ~ INCHES 


80.00 
16.9726  IN 
0 3033  IN 
0.6665  IN. 
0.8565  IN. 


42.10 
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42.10 

DEG. 

27.17 

DEG. 
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DEG. 
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DEG. 

12  00 
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DEG. 
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Y 
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Figure  86  Recontoured  Second  Vane,  !4  Root  Section  ( B LT) 
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PITCH 
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BLADu  INLET  ANGLE 
GAS  I I LET  ANGLE 
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0.4937 


AXIAL  COORDINATE  ~ INCHES 


80.00 

18  9450  IN. 
0.3115  IN. 
0.7440  IN. 
0.8810  IN. 


50.50 

DEG 
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DEG 
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DEG 
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Figure  87  Recontoured  Second  Vane.  Mean  Section  (CO 
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HOT  DIMENSIONS 


NUMBER  OF  FOILS 

80.00 

DIAMETER 

20.9200  IN. 

GAGING 

0.3307  IN. 

PITCH 

0.8215  IN. 

AXIAL  WIDTH 

0.9055  IN. 

BLADE  INLET  ANGLE 

57  41 

OEG. 

GAS  INLET  ANGLE 

5,7.40 

DEG. 

BLADE  EXIT  ANGLE 

23.60 

DEG 

GAS  EXIT  ANGLE 

23.60 

DEG 

GAGING  ANGLE 

23.74 

DEG 

UNCOVERED  TURNING 

9.79 

DEG 

PRINCIPAL  AXIS 

-43.78 

DEG 

L.  E.  RADIUS 
T.  E.  RADIUS 
METAL  AREA 

O C.  G. 

□ RADIAL  REF. 
GAGE 


X 

0.2691 

0.4301 

0.4425 


0.0275  IN. 
00100  IN 
0.1166  IN  2 

Y 

-0.4297 

-0.3316 

-0.4034 
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Figure  88  Recontoured  Second  Vane,  '4  Tip  Section  (DD) 
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HOT  DIMENSIONS 

NUMBER  OF  FOILS  80.00 

DIAMETER  21.7200  IN. 

GAGING  0.3378  IN. 

PI  CH  0.8529  IN. 

A '.IAI.  WIDTH  0.9155  IN. 

B' AOE  INLET  ANGLE  59.76  DEG. 

GAS  INLET  ANGLE  59.90  DEG. 

BLADE  EXIT  ANGLE  23.25  DEG. 

G\3  EXIT  ANGLE  23.26  DEG. 

GAGING  ANGLE  23.33  DEG. 

UNCOVERED  TURNING  10.84  DEG. 

PP.INCIPAL  AXIS  -44.49  DEG. 

L.  E.  RADIUS  0.0279  IN. 

T.  E RADIUS  0.0100  IN. 

METAL  AREA  0.1242  IN.2 

Y 


0.00  +0.40 

AXIAL  COORDINATE  ~ INCHES 
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-0.3990 

-0.3316 

-0.3980 


Figure  89  Recontoured  Second  Vane,  F ilet  Section  (EE) 
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hot  dimensions 


NUMBER  OF  FOILS 

80  00 

DIAMETER 

22  8200  IN 

GAGING 

0 3455  IN 

PITCH 

0 8961 

IN 

AXIAL  WIOTH 

0.9291  IN. 

BLADE  INLET  ANGLE 

62  72 

DEG 

GAS  INLET  ANGLE 

62*75 

DEG 

BLADE  EXIT  ANGLE 

22.62 

DEG 

GAS  EXIT  ANGLE 

22  57 

DEG 

GAGING  ANGLE 

22.68 

DEG 

UNCOVERED  TURNING 

14  21 

DEG 

PRINCIPAL  AXIS 

-44.57 

DEG 

L.  E.  RADIUS 

0.C276  IN. 

T.  E.  RADIUS 
METAL  AREA 

O C.G. 

□ RADIAL  REF. 
GAGE 


X 

0.2301 

0.4301 

0.4061 


0.0100  IN. 
0.1423  IN.2 
Y 

-0.3265 

-0.3316 

-0.3857 


-0.40  0.00  +0.40  +0.80 
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Figure  90  Recontoured  Second  Vane,  Tip  Section  (HH) 
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Figure  9;  Rccontoured  Second  Vane.  Tip  D Mining  Section  (GG) 
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( U ) I Ik’  performance  data  of  the  rccontoured  airfoils  are  plotted  in  I igures  ‘>2  through 
07.  Data  is  presented  at  the  Mach  number  nearest  to  design  value,  w hich  corresponds 
to  a midspan  exit  Mach  number  of  0.863.  Data  was  also  taken  at  midspan  exit  Mach 
numbers  of  0.806  and  0.060.  Analysis  of  this  data  indicates  that  there  w as  a slightly 
lower  loss  at  both  the  inside-  and  outside-diameter  walls.  I he  overall  integrated  loss 
coefficient  for  the  recontoured  airfoils  was  0.033b.  as  compared  to  the  baseline  value 
of  0.034')  at  the  appropriate  test  Mach  number,  indicating  essentially  no  change  within 
experimental  accuracy.  There  was  essentially  no  Mach  number  effect  in  the’ range  over 
which  this  cascade  was  evaluated.  The  spamvise  integrated  loss,  tor  example,  was  0.0356 
and  0.0358  at  midspan  exit  Mach  numbers  of  0.806  and  0.060,  respectively.  Compar- 
isons of  the  spamvise  recontoured  airfoil  loss  coefficients  with  the  baseline  values  are 
showm  in  figure  OS. 


Figure  02  Pressure  Loss  Contours.  Second  Vane  - Screen  -stalled.  Three  Flow  Passages, 
Midspan  lixit  Mach  No.  = 0.8b3.  Recontoured  \ .it oils.  With  Redesigned  Inlet 
Guide  Vanes  ami  Optimum  Boundary  Layer  Bleeds 
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Figure  94  Spanwise  Pressure  Loss  Distribution,  Second  Vane  - Screen  installed.  Midspan 
Exit  Mach  No.  = 0.863,  Recontoured  Airfoils  With  Redesigned  Inlet  Guide 
Vanes  and  Optimum  Boundary  Layer  Bleeds 
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Figure  95  Spanwise  Loss  Coefficient  Distribution,  Second  Vane  - Screen  Installed,  Mid 
span  Exit  Mach  No.  = 0.863,  Rccontoured  Airfoils  With  Redesigned  Inlet 
Guide  Vanes  and  Optimum  Boundary  Layer  Bleeds 
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Figure  96  Spanwisc  Exit  Gas  Angle  Distribution,  Second  Vane  - Screen  Installed,  Midspan 
Exit  Mach  No.  = 0.863,  Recontourcd  Airfoils  With  Redesigned  Inlet  Guide 
Vanes  and  Optimum  Boundary  Layer  Bleeds 
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Figure  97  Spanwise  Fxit  Mach  Number  Distribution,  Second  Vane  - Screen  Installed, 

Midspan  Fxit  Mach  No.  = 0.863,  Recontoured  Airfoils  With  Redesigned  Inlet 
Guide  Vanes  and  Optimum  Boundary  Layer  Bleeds 
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Figure  98  Comparison  of  Recontoured  Airfoil  Spanwise  Loss  Coefficient  Distribution 
with  Baseline  Values 


(U)  1 lie  measured  exit  How  angles  were  almost  identical  to  the  baseline  values  at  the 
root  section,  while  there  was  an  increase  in  underturning  at  the  tip  section.  There  was 
no  Row  separ;  tion  on  either  the  airfoils,  or  at  the  end-wall  extensions.  The  How  visual- 
ization test  pi  otographs  (shown  in  Figures  99  and  100)  verify  this  conclusion. 

(U)  The  airfoii  surface  static  pressure  distributions  are  shown  in  Figures  101  through 
10.}  at  the  roc1,  mean  and  tip  sections.  The  root  section  is  unloaded  and  the  tip  section 
is  slightly  mote  highly  loaded  than  the  indicated  design  predicted  values.  The  reason 
for  this  was  explained  previously  in  Section  II. 
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Figure  99  Oil  anil  Graphite  Flow  Patterns— Second  Vane  Recontoured  Airfoils;  Midspan 
Exit  Mach  No.  =0.863 


Figure  100  Oil  and  Graphite  Flow  Patterns-  Second  Vane  Recontoured  Airfoils;  Midspan 
Exit  Mach  No.  =0.863 
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Figure  101  Stutic-to-Total  Pressure  Ratio  Versus  Percent  of  Axial  Chord.  Second  Vane 

Recontoured  Airfoils  With  Redesigned  Inlet  Guide  Vanes.  Optimum  Boundary 
Layer  Bleeds  and  Screen— Root  Section 
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Figure  102  Static-to- Total  Pressure  Ratio  Versus  Percent  of  Axial  Chord.  Second  Vane 

Rcconto  ned  Airfoils  With  Redesigned  Inlet  Guide  Vanes.  Optimum  Boundary 
Layer  Bk  dsand  Inlet  Screen  Mean  Section 
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Figure  103  Statie-to-Total  Pressure  Ratio  Versus  Percent  of  Axial  Chord.  Second  Vane 

Recontoured  Airfoils  With  Redesigned  Inlet  Guide  \ ones.  Optimum  Boundary 
Layer  Bleeds  and  Inlet  Screen-Tip  Section 


7.  END  WALL  CON  LOURING 

(U)  Another  boundary  layer  control  method  tested  was  end-wall  contouring.  The  in- 
tent of  this  design  was  to  reduce  the  local  airfoil  loading,  and  consequently  the  secondary- 
now  losses,  without  causing  any  appreciable  disturbance  to  the  How  at  other  sections 
of  the  airfoil  or  downstream  of  the  airfoil  row . Secondary  Hows  occur  when  the  mo- 
mentum of  the  fluid  near  an  end-wall  has  been  reduced  to  a point  where  it  can  no  longer 
withstand  the  pressure-to-suction  surface  pressure  gradient  impressed  by  the  potential 
flow.  An  attempt  was  made  to  reduce  the  driving  pressure  gradient  forces  via  a suit- 
able end-wall  design. 

< U ) The  design  of  the  end-wall  contour  was  based  on  two  computations.  The  first  was 
the  calculation  of  the  pressure  distribution  around  an  airfoil  of  the  desired  profile  on 
<i  plane  surface.  This  program  allows  streamtubc  height  variations,  but  is  not  able  to 
account  for  rad  ui  pressure  gradients.  The  second  w as  the  calculation  of  the  a\is\  m- 
metrie.  intrablade  flow  behavior.  The  guidelines  established  during  the  design  required 
that  the  cnd-w;.ll  contour  must  decrease  the  local  airfoil  loading,  must  not  cause  separa- 
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t ion  on  tin.-  end-wall.  imisi  not  cause  an  increase  of  positive  incidence  by  more  than  5 
decrees,  and  must  not  increase  the  adverse  pressure  gradient  on  the  uncovered  portion 
of  the  airfoil  suction  surface,  latch  of  these  could  he  separately  estimated  by  the  appli- 
cation of  the  two  available  procedures,  although  correct  solution  via  a genuine  three- 
dimensional  calculation  is  not  yet  possible. 

fU)  The  best  and  final  contour  was  one  with  sinusoidal  inlet  and  exit  wall  height  dis- 
tribution. having  the  leading  and  trailing  edges  intersecting  at  the  inflection  points. 

The  end-wall  contours  for  both  the  inner  and  outer  walls  of  the  second  vane  airfoil 
are  shown  in  Figures  104  and  105.  l ire  inside-diameter  wall  contour  was  the  one  that 
was  actually  designed,  and  the  outside-diameter  wall  contour  was  scaled  from  the  inside- 
diameter  wall  design.  The  design  studies  indicated  that  the  end-wall  contouring  using 
depths  large  enough  to  produce  a significant  reduction  in  the  tangential  pressure  differ- 
ence should  not  be  accomplished  by  new  contours  contained  completely  within  the  air- 
foil row.  Also,  the  most  acceptable  contour  was  one  designed  to  counteract  the  airfoil 
blockage  effects  by  increasing  the  annulus  area  in  the  leading  edge  region.  The  inlet 
and  exit  sections  were  connected  by  a constant  area  section  starting  at  approximately 
24  percent  of  axial  chord  and  ending  at  approximately  76  percent  of  axial  chord.  The 
actual  manufactured  contour  is  also  indicated  in  these  figures,  and  deviations  from  the 
design  contour  are  noted. 

(U)  The  performance  data  for  this  airfoil  are  shown  in  Figures  106  through  111.  These 
plots  are  of  the  same  parameter  as  those  shown  for  the  previous  tests.  The  data  in  these 
figures  is  presented  at  a midspan  exit  Mach  number  of  0.843,  the  value  nearest  the  design 
point.  Data  were  also  taken  at  midspan  exit  Mach  numbers  of  0.79  and  0.988.  Analysis 
of  the  design  point  data  indicates  that  there  was  a negligible  increase  in  loss  level  at  the 
root  section,  and  a large  increase  in  loss  coefficient  at  the  tip  section,  as  compared  to 
the  baseline  values.  The  spanwise  integrated  value  from  the  midspan  to  the  inside-diameter 
wall  was  0.0374.  and  from  the  midspan  to  the  outside-diameter  wall  was  0.0482.  The 
corresponding  baseline  values  were  0.0353  and  0.0345.  respectively.  The  overall  inte- 
grated spanwi  e loss  coefficient  for  the  end-wall  contoured  airfoil  was  0.0428,  as  com- 
pared to  0.03 - v for  the  baseline  tests.  A comparixion  plot  of  the  spanwise  loss  coefficient 
for  both  the  c no-wall  contoured,  and  the  baseline,  is  shown  in  Figure  1 12.  The  loss 
coefficient  showed  a decrease  of  loss  with  Mach  number,  the  values  decreasing  from 
0.0444  to  0.01S6.  as  Mach  number  decreased  from  0.79  to  0.988.  This  effect  is  mostly 
due  to  an  incicase  in  Reynolds  Number  as  explained  in  Part  3 above. 

(U)  The  spanwise  integrated  exit  gas  flow  angle  (Figure  107)  indicated  a large  under- 
turning at  the  root  and  tip  sections.  Flow  visualization  photographs  of  this  test  ar<- 
shown  in  Figures  1 13  and  1 14. 

(U)  The  airfoil  surface  static  pressure  distributions  are  shown  in  Figures  1 15  through 
117  at  the  root,  mean  and  tip  sections.  The  predicted  curves  shown  on  these  plots  are 
those  for  the  baseline  airfoil  and  not  for  the  contoured  end-wall  configuration.  As  pre- 
viously noted,  the  tip  section  wall  was  not  specifically  designed.  Hnd-wall  contouring 
techniques  ma  ' well  succeed  when  three-dimensional  methods  for  potential  How  and 
boundary  laye:  calculations  are  available. 
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Figure  104  Profile  for  End  Wall  Contouring,  Inside  Diameter  Wall 


Figure  105  Profile  for  End  Wall  Contouring,  Outside  Diameter  Wall 
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Pressure  Lo>s  Contours.  Second  Vane  - Screen  Installed.  Three  Flow  Passages. 
Midspan  I: .sit  Mach  No.  = 0.843.  Reeontoured  1 ndwalls  With  Redesigned  Inlet 
Guide  Vanes  and  Optimum  Boundary  Laver  Bleeds 
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Figure  107  1 \it  Gas  Angle  Contours.  Second  \';mc  - Screen  Installed.  Three  l:lo\e  Passages 
Midspan  1 sit  Mach  No.  = 0.81.'.  Reeontoured  1 miscalls  With  Redesigned  Inlet 
Guide  Varies  anil  Optimum  Boundary  Laser  Bleeds 
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and  Optimum  Boundary  Layer  Bleeds 
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Figure  1 10  Spanwise  Exit  Gas  Angle  Distribution,  Second  Vane  - Screen  Installed,  Mid- 
span Exit  Mach  No.  = 0.843,  Recontoured  Endwalls  With  Redesigned  Inlet 
Guide  Vanes  and  Optimum  Boundary  Layer  Bleeds 


Figure  1 1 1 Spamvisc  Fxit  Mach  Number  Distribution,  Second  Vane  - Screen  Installed, 

Midspan  Fxit  Mach  No.  = 0.843,  Recontoured  Endwalls  With  Redesigned  Inlet 
Guide  Vanes  and  Optimum  Boundary  Layer  Bleeds 
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Figure  1 1 2 Comparison  of  Recontoured  End  Wall  Spanwise  Loss  Coefficient  Distribution 
with  Baseline  Values 
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Figure  1 13  Oil  and  Graphite  Flow  Patterns-Second  Vane  with  End  Wall  Contouring; 
Midspan  Exit  Mach  No.  =0.843 
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f igure  I 16  Statie-to-Total  Pressure  Ratio  Versus  Percent  of  Axial  Chord.  Second  Vane 

Recontoured  find  Walls  With  Redesigned  Inlet  Guide  Vanes.  Optimum  Bound 
ary  Layer  Bleeds  and  Inlet  Screen— Mean  Section 
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Figure  1 17  Statie-to-Total  Pressure  Ratio  Versus  Percent  of  Axial  Chord.  Second  Vane 

Recontoured  laid  Walls  With  Redesigned  Inlet  Guide  Vanes,  Optimum  Bound 
ary  Layer  Bleeds  and  Inlet  Screen  Tip  Seetior 
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S.  RIX'AMItl  Klil)  AIRI-OILS 

(U)  The  final  bouiulary  layer  control  technique  tested  was  the  locally  recainhered  second 
vane  airfoil.  Local  recambering,  to  reduce  secondary  losses  at  the  root  and  tip  sections 
of  the  second  vane,  required  a streamline  analysis  of  the  entire  study  turbine.  1 he  inlet 
airfoil  angles  were  held  constant  to  allow  the  use  ol  the  same  inlet  hardware.  The  tip 
section  was  closed  or  reduced  by  5 degrees,  while  the  root  section  was  opened  or  in- 
creased by  5 degrees.  This  technique  was  used  since  the  ends  behave  essentially  inde- 
pendently of  one  another.  The  camber  changes  were  then  curved-line-faired  into  the 
original  camber  at  the  25  and  75  percent  span  sections  as  reported  in  the  Reference  3 
Report.  The  streamline  analysis  indicated  that,  in  order  to  maintain  the  same  stage 
work  and  reaction  level,  the  second  stage  blade  would  have  to  be  opened  by  increasing 
the  exit  gas  angle  by  0.5  degree  across  the  span. 

(U)  Comparison  plots  with  baseline  airfoils  at  the  root  and  tip  section  are  shown  in 
Figures  1 18  and  1 19.  The  elevation  of  the  recambered  airfoil  with  the  reference  sec- 
tions arc  shown  in  Figure  83  and  the  section  profiles  are  presented  in  Figures  120 
through  127. 

(U)  The  performance  data  for  the  recambered  airfoils  are  given  in  Figures  128  through 
133.  This  data  is  shown  at  a midspan  exit  Mach  number  of  0.880.  Data  were  also  taken 
at  Mach  numbers  of  0.823  and  1 .033.  The  resulting  spanwise  loss  coefficients  are  com- 
pared with  the  baseline  values  in  Figure  134  at  the  design  Mach  number. 

(U)  The  overall  integrated  loss  coefficient  for  the  recambered  airfoil  was  0.0329  as 
compared  to  0.0349  for  the  baseline  value.  The  root  section  showed  a significant  reduc- 
tion (0.0286  versus  0.0353).  while  the  tip  section  indicated  a slight  increase  (0.0372 
versus  0.0345 ).  compared  to  baseline  values.  Flow  visualization  photographs  of  these 
airfoils  are  shown  in  Figures  135  and  136.  The  measured  How  angles  at  the  tip  section 
indicate  attached  flow  with  only  a slight  underturning  from  the  design  values.  The  root 
section  data  indicate  a large  increase  in  underturning  over  baseline  values,  but  there  is 
no  indication  of  flow  separation  on  the  flow  visualiz;  fion  photographs. 

(U)  Airfoil  surface  static  pressure  distributions  are  shown  in  Figures  1 37  through  139. 
The  predicted  curve  for  the  recambered  airfoil  sectio  \z  is  also  shown.  The  same  com- 
ments apply  to  these  data  as  in  previous  discussions  ol  airtoil  surface  static  pressures. 

(U)  It  is  especially  comforting  that  all  the  observed  results  of  this  test  are  in  complete 
accord  with  reasonable  expectations.  In  short,  the  application  of  this  method  to  turbine 
design  should  offer  no  special  difficulities. 
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AXIAL  DISTANCE  FROM  LEADING  EDGE  DIVIDED  BY  AX ' AL  CHORD,  X/8 


Figure  1 19 


Second  Vane  Tip  Section  Reca inhering 
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Figure  120  Recambered  Second  Vane,  Root  Section  (FF) 
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IN 

PITCH 

0.6008 

IN 

I XIAL  WIDTH 

0.8357 

IN 

BLADE  INLET  ANGLE 

37.73 

DEG 

C AS  INLET  ANGLE 

38.00 

DEG 

E _A0E  EXIT  ANGLE 

33.88 

DEG 

C AS  EXIT  ANGLE 

33.88 

DEG 

CAGING  ANGLE 

32.71 

DEG 

l NCOVERED  TURNING  16.03 

DEG 

FR'NCIPAL  AXIS 

-23.51 

DEG 

L E.  RADIUS 

0.0185 

IN 

T.  E.  RADIUS 

0.0100 

IN 

METAL  AREA 

0.1009 

X 

IN2 

Y 

0 C.  G. 

0.3996 

0.3394 

~i  RADIAL  REF. 

0.4125 

0.3248 

GAGE 

0.5766 

0.3563 

Figure  121  Recambered  Second  Vane,  Root  — illct  Section  (AA) 
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HOT  DIMENSIONS 

NUMBEH  OF  FOILS 

80.00 

DIAMETER 

16  9726 

IN 

GAGING 

0.3033 

IN 

PITCH 

0.0GG5 

IN 

AXIAL  WIDTH 

0.8565 

IN 

BLADE  INLET  ANGLE 

42.10 

DEG 

GAS  INLET  ANGLE 

42.10 

DEG 

BLADE  EXIT  ANGLE 

27.17 

DEG 

GAS  EXIT  ANGLE 

27.17 

DEG 

GAGING  ANGLE 

27.07 

DEG 

UNCOVERED  TURNING  12.00 

DEG 

PRINCIPAL  AXIS 

-29.78 

DEG 

L.  E.  RADIUS 

0.0225 

IN 

T.  E.  RADIUS 

0.0100 

IN 

METAL  AREA 

0.1063 

IN2 

X 

Y 

O C.  G. 

0.3464 

-0.4008 

□ RADIAL  REF. 

0.4125 

-0.3248 

GAGE 

0.5419 

-0.3982 

0.00  +0.40 

AXIAL  COORDINATE  - INCHES 


+0.80 


Figure  1 22  Recambered  Second  Vane,  14  Root  Section  (BB) 


HOT  DIMENSIONS 

NUMBER  OF  FOILS 

80.00 

DIAMETER 

18.9450 

IN 

GAGING 

0.3115 

IN 

PITCH 

0 7440 

IN 

AXIAL  WIDTH 

0.8810 

IN 

BLADE  INLET  ANGLE 

50.50 

DEG 

GAS  INLET  ANGLE 

50.50 

DEG 

BL  + DE  EXIT  ANGLE 

24.53 

DEG 

GA  ' EXIT  ANGLE 

24.58 

DEG 

GA  U.nIG  ANGLE 

24.75 

DEG 

UNCOVERED  TURNING 

10.67 

DEG 

PRI  VCIPAL  AXIS 

-39.90 

DEG 

L.  E.  RADIUS 

0.0250 

IN 

T.  E.  RADIUS 

0.0100 

IN 

ME  i AL  AREA 

0.1117 

IN2 

X 

Y 

O 0 G. 

0.3086 

-0.4308 

□ RADIAL  REF. 

0.4125 

-0.3248 

( AGE 

0.4937 

-0.4080 

Figure  123  Recambered  Second  Vane,  Me  m Section  (CC) 
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HOT  DIMENSIONS 


NUMBER  OF  FOILS 

80.00 

DIAMETER 

20  9200 

IN 

GAGING 

0.3307 

IN 

PITCH 

0.8215 

IN 

AXIAL  WIDTH 

0.9055 

IN 

-j  BLADE  INLET  ANGLE 

57.41 

DEG 

GAS  INLET  ANGLE 

57.40 

DEG 

BLADE  EXIT  ANGLE 

23.60 

DEG 

GAS  EXIT  ANGLE 

23.60 

DEG 

GAGING  ANGLE 

23.74 

DEG 

UNCOVERED  TURNING 

9.81 

OEG 

PRINCIPAL  AXIS 

-43.79 

DEG 

L.  E.  RADIUS 

0.0275 

IN 

T.  E.  RADIUS 

0.0100 

IN 

METAL  AREA 

0.1166 

IN2 

-0.80' 

-0.20 


O C.G. 

□ RADIAL  REF. 
GAGE 


X Y 

0 2691  -0.4297 

0.4125  -0.3248 

0.4425  -0.4034 


♦0.20  +0.60 

AXIAL  COORDINATE  ~ INCHES 


Figure  1 24  Recambered  Second  Vane.  'A  Tip  Section  (DD) 
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-j  HOT  DIMENSIONS 

I 

n NUMBER  OF  FOILS  80.00 
Ji  I DIAMETER  21.7200  IN 

ft  ~ GAGING  0.3201  IN 

f / PITCH  0.8529  IN 

' AXIAL  WIDTH  0.9155  IN 

1 SLADE  INLET  ANGLE  59.76  DE' 

GAS  INLET  ANGLE  59.90  DE' 

".LADE  EXIT  ANGLE  21.94  DEi 

lAF  EXIT  ANGLE  21.94  DEi 

' AGING  ANGLE  22.04  DEi 

UNCOVERED  TURNING  11.54  DEI 

PRINCIPAL  AXIS  -44.85  DEI 

; l . E.  RADIUS  0.0279  IN 

T.E.  RADIUS  0.0100  IN^ 

N ETAL  ARE  A 0.1318  IN2 


-0.80 

-0.40 


I 1EE& 


C G. 

RADIAL  REF. 
GAGE 


X Y 

0.2774  -0.4079 

0.4125  -0.3248 

0.4382  -0.4101 


0.00  +0.40 

AXIAL  COORDINATE  ~ INCHES 


Figure  I 25  Recambered  Second  Vane,  Fillet  Section  (EE) 
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<0  40: 


0 00 


—0.40 


-0.80  L_ 

-0.40 


+0.40  . 


0.00 


0.40 


0.80  L 

0.40 


0.0  +0.40  +0.1 
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nor  dimensions 


NUMBER  OF  FOILS 

80  00 

DIAMETER 

22  8200  IN. 

GAGING 

0 2 799  IN. 

PITCH 

0.8961  IN. 

AXIAL  WIDTH 

0.9291  IN. 

BLADE  INLET  ANGLE 

62.72  DEG. 

GAS  INLET  ANGLE 

62.75  DEG. 

BLADE  EXIT  ANGLE 

17.90  DEG 

GAS  EXIT  ANGLE 

17.90  DEG 

GAGING  ANGLE 

18.20  OEG 

UNCOVERED  TURNING 

15.04  DEG 

PRINCIPAL  AXIS 

-46.26  DEG 

L.  E RADIUS 

0 0276  IN. 

T.  E.  RADIUS 

0.0100  IN. 

METAL  AREA 

0.1712  IN.2 

X 

Y 

O C.  G. 

0.3032 

-0.3756 

□ RADIAL  REF. 

0.4125 

-0  3248 

GAGE 

0.4510 

-0.4380 

Figure  1 26  Recambered  Second  Vane,  Tip  Section  L 1111) 


HOT  DIMENSIONS 

NUMBER  OF  FOILS 

DIAMETER 

GAGING 

PITCH 

AXIAL  WIDTH 
BLADE  'NLET  ANGLE 
GAS  INLET  ANGLE 
BLADE  EXIT  ANGLE 
GAS  EX  T 4NGLE 
GAGIN  ANGLE 
UNCOVERED  TURNING 
PRINCIPAL  AXIS 
L.  E.  R/  DIUS 
T.  E.  RADIUS 
METAL  \REA 

O C.  G. 

□ RADIAL  REF. 

GAGE 


80  00 
22.8900  IN 
0.2764  IN 
0.8989  IN 
0.9300  IN 
62.90  DEG 

62.90  DEG 
17.57  DEG 
17.57  DEG 

17.91  DEG 
15.29  DEG 

-46.39  DEG 
0.0275  IN 
0.0100  IN 
0.1745  IN2 
X Y 

0 3049  0.3742 

0.4125  -0  3248 

0.4521  -0  4412 


0.00  + 0.40  + 0 89 


AXIAL  COORDINATE  -INCHES 


Figure  I 27  Rccambered  Second  Vane,  Tip  Defining  Section  (GG) 


PAGE  NO.  1 10 


UriC  LASS!  FI  ED 


APO/PO  CONTOURS 


Figure  ! 28  Pressure  Loss  Contours.  Second  Vane  - Screen  Installed.  Three  Flow  Passages, 
Midspan  t'.xit  Mach  No.  = O.XNO.  Rccamhercd  A ii  toils  With  Redesigned  Inlet 
Guide  Vanes  and  Optimum  Boundary  Layer  Bleeds 
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EXIT  GAS  ANGLE  CONTOURS,  DECREES 

figure  120  I \il  Gas  Angle  ( ontoiirv  Second  \ ane  - Scree-:  Installed  three  How  I’a 

Midspan  f- x it  Mach  No  - 0.NS0.  Recarnbcrcd  ‘ , -foils  W.iii  Redesigned  Inlet 
Guide  Vanes  and  Optimum  lioundan  Layer  Bleeds 
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Figure  130  Spanwi.se  Pressure  Loss  Distribution,  Second  Vane  - Screen  Installed.  Midspan 
Fxit  Mach  No.  = 0.880,  Recainbered  Airfoils  With  Redesigned  Inlet  Guide 
Vanes  and  Optimum  Boundary  Layer  Bleeds 


0.12 


Optimum  Boundary  Layer  Bleeds 
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Figure  132  Span  wise  Hxit  (iax  Angle  Distribution.  Second  Vane  - Screen  Installed.  Midspan 
i . x i t Mach  No.  = 0.880.  Recambcred  Airfoils  With  Redesigned  Inlet  Guide 
Vanes  and  Optimum  Boundary  Layer  Bleeds 
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Figure  134  Comparison  of  Recambered  Airfoil  Spanwise  Loss  Coefficient  Distribution 
with  Baseline  Values 


Figure  135  Oil  and  Graphite  Fiow  Patterns  Second  Vane  Recambered  Airfoils;  Midspan 
Ex  it  Mach  No.  =0.880 
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Figure  138  Static-to-Tota!  Pressure  Ratio  Versus  Percent  of  Axial  Chord.  Second  Vane 

Recambered  Airfoils  With  Redesigned  Inlet  Guide  Vanes.  Optimum  Boundary 
Layer  Bleeds  and  Inlet  Screen- Mean  Section 


PERCENT  OF  AXIAL  CHORC 


Figure  130  Static-to-Total  Pressure  Ratio  Versus  Percent  of  Axial  Chord.  Second  Vane 

Recambered  Airfoils  With  Redesigned  Inlet  Guide  Vanes,  Optimum  Boundary 
Layer  Bleeds  and  Inlet  Screen  Tip  Section 
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CONCLUSIONS 

(U)  Table  XXI  summarizes  the  measured  loss  coefficients  for  the  various  boundary 
layer  control  techniques,  other  than  the  How  fence/increased  surface  roughness  test 
which  showed  no  promise  for  future  investigation.  Overall  loss  coefficients  are  shown, 
as  well  as  integrated  values  from  midspan  to  each  of  the  end-walls.  Also,  comparison 
plots  of  the  average  spanwise  coefficients  and  exit  gas  flow  angles  are  shown  in  Figures 
140  and  141  for  the  baseline  airfoil,  the  recontoured  airfoil,  end  wall  contouring,  and 
recambered  airfoil  investigation.  These  plots  are  at  the  midspan  exit  Mach  numbers  of 
Table  XXL 


Figure  140  Comparison  of  Baseline  Loss  Coefficients  Wit  1 Those  of  Various  Boundary 
Layer  Control  Methods 
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TABU  XXI 

INTEGRATED  AVERAGE  PROl  1 LI-  LOSS  COEFFICIENTS 
SECOND  VANE  CASCADE 

J Loss  Coefficient  ( l-<5~) 


Midspan 

Midspan 

Mach  No. 

Overall 

To  l.D. 

To  O.I). 

Baseline 

0.860 

0.0349 

0.0353 

0.0345 

Recontoured  Airfoil 

0.863 

0.0336 

0.0338 

0.0334 

End  Wall  Contoured 

0.843 

0.0428 

0.0374 

0.0482 

Recambered  Airfoil 

0.880 

0.0329 

0.0286 

0.0372 

(L>)  Based  on  these  comparisons,  it  appears  that  the  most  promising  method  for  im- 
proving turbine  performance  is  that  of  local  airfoil  recambering.  The  reasons  for  choos- 
ing recambering  are  that: 

• This  technique  was  shown  to  have  a strong  effect  on  end  losses,  including 
significantly  reducing  them.  It  is  important  to  decrease  end-wall  losses  since, 
proportionally,  the  end  loss  per-unit-area  is  about  2.6  times  the  profile  loss 
per-unit -area 

• This  is  a technique  which  is  a natural  part  of  the  airfoil  design  optimization 
if  a satisfactory  end-wall  model  is  available 

• This  technique  readily  lends  itself  to  fabrication. 

(U)  The  other  techniques  showed  no  promise  of  rcdicmg  end-wall  losses  for  the  con- 
figurations that  were  investigated.  Even  though  a gre;  t deal  was  learned  about  these 
other  techniques  in  this  program,  and  even  though  there  may  be  a successful  method 
of  applying  them,  it  is  not  now  clear  how  this  can  be  done  within  the  scope  of  this 
Contract.  As  a result,  recambering  is  the  only  practic;  l path  available. 

(U)  It  is  concluded  that  the  greatest  profit  lies  in  the  direction  of  recambering  airfoils. 
Consequently.  Phase  Ilia  will  primarily  consist  of  a va-iety  of  local  recambering  tests 
designed  to  give  us  the  best  qualitative  and  quantitative  mformation  about  this  method. 

10.  TEST  PROCEDURE 

(U)  The  test  procedure  employed  during  the  Task  lie  noundary  layer  control  technique 
evaluation  was  identical  to  that  of  the  Task  lib  baseline  evaluation.  This  procedure  was 
described  in  complete  detail  in  the  Reference  3 Repori 
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SECTION  V 

MEDIUM  SOLIDITY  AIRFOIL  EVALUATION  (TASK  lid) 
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SI  C l ION  V 

Ml  DIUM  SOI  IDI I V AIRFOIL  l VALUATION  (TASK  lid) 


OBJ  1C  11 VI' 


(U)  The  initial  objective  of  Task  lid  was  to  investigate  two  additional  boundary  layer 
control  methods,  other  than  the  two  methods  that  were  investigated  under  Task  Jlc, 
on  two  different  airfoils.  Since  the  performance  of  the  four  baseline  airfoils  was  very 
similar  ( Reference  3).  Task  lie  was  modified  so  that  four  boundary  layer  control 
methods  were  applied  oniy  to  the  second  vane  (see  Section  IV'  of  this  report),  elimi- 
nating the  need  for  Task  lid  as  originally  conceived.  By  mutual  agreement  with  the 
Air  Force,  the  work  substituted  for  the  original  Task  lid  was  the  evaluation  of  the 
performance  of  lower  solidity  and  higher  load  coefficient  airfoils  designed  for  the 
same  velocity  triangles  as  the  baseline  airfoils  of  Task  lib.  The  performance  of  the 
first  vane  and  first  blade  lower-solidity  airfoils  is  reported  in  this  section. 

TASK  OBJECTIVE 

(U)  Each  of  the  four  medium  solidity  airfoils  will  be  evaluated  in  an  annular  segment 
cascade,  exactly  as  in  Task  lib  ( Reference  3).  As  of  the  time  of  writing  this  interim 
report,  work  on  the  first  vane  and  blade  had  been  completed;  and  for  these  two  air- 
foils. the  task  objectives  were  met  by  the  following  steps: 

• Measurement  of  all  important  aerodynamic  properties  at  the  cascade  inlet  and 
exit  planes 

• Reconstruction  of  the  entire  exit  plane  loss  distribution 

• Reconstruction  of  the  entire  exit  plane  flow  pattern 

• Measurement  of  the  airfoil  surface  static  pressure  distributions  at  three  radial 
locations 

• Careful  analysis  of  all  data  and  visual  clues. 

AIRFOIL  SECTION  AND  FACILITY  DESIGN 

(U)  The  medium-reaction,  medium-solidity  airfoils  were  designed  to  the  same  turbine 
velocity  diagrams  as  the  normal  solidity  airfoils.  T1  use  were  reported  in  the  Reference 
1 Report.  A summary  of  the  pertinent  design  value  . the  airfoil  elevations,  gaging  dis- 
tribution. airfoil  sections,  predicted  surface  pressure  distribution,  and  airfoil  radius  of 
curvature  for  each  of  the  four  airfoils  was  presented  at  five  spanwise  locations  in  the 
Reference  3 Report.  The  four  airfoils  are  the  first  a h second  vanes,  and  the  first  and 
second  blades.  The  fabrication  coordinates  of  each  airfoil  were  also  tabulated  in  the 
Reference  3 Report,  including  the  airfoil  angles,  air, oil  areas,  axial  chords  and  uncovered 
turnings. 
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(U)  The  test  section  design  for  each  of  the  four  medium-solidity  airfoils  is  as  close  as 
possible  to  the  normal  solidity  cascades.  Since  the  normal  solidity  cascade  exhausted 
to  atmosphere  and  the  medium  solidity  cascade  rig  was  connected  to  the  laboratory 
exhaust  system,  differences  in  the  exit  configurations  of  these  cascades  resulted.  I he 
inlet  guide  vane  designs  were  identical  for  both  rigs.  I he  designs  ol  the  inlet  guide 
vanes  were  presented  in  the  Reference  2 Report. 

(U)  Static  pressure  instrumentation  was  installed  in  order  to  determine  the  static  pres- 
sure distributions  on  the  airfoils,  and  over  both  the  test  airtoil  inlet  and  exit  end  walls 
in  the  medium-solidity  cascade  rig.  The  static  pressure  instrumentation  on  the  airtoils 
was  located  at  the  mean  section  and  at  a section  0.1  inch  trom  the  outer  and  inner  end- 
walls.  These  sections  are  shown  in  Figure  142,  and  the  axial  chord  locations  ol  the  pres- 
sure taps  are  listed  in  Tables  XXII  through  XXV  for  the  four  configurations  tested. 

Great  care  was  taken  to  preserve  the  contour  and  smoothness  of  the  suction  side  of 
each  instrumented  airfoil.  To  this  end.  all  hypodermic  tube  leads  were  placed  in  grooves 
on  the  pressure  surface,  and  pressure  tap  holes  were  then  drilled  into  these  tubes  from 
the  suction  surface  (see  Figure  143).  The  instrumented  airfoil  was  located  next  to  the 
center  channel  in  each  of  the  four  configurations. 


Medium  Solidity  Annular  Segment  Cascade  Flowpath  Cross-Section 
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Figure  142 


Section 

Airfoil  Side 

Axial  Length 
From  !..  F. 

X/hx 

Root 

Suctio  n 

Section 

0.056 

0. 1 65 

A-A 

0.273 

B 

0.382 

■ 

0.490 

0.598 

0.546 

0.707 

0.630 

0.816 

Pressure 

0.520 

0.674 

0.265 

0.344 

Mean 

Suction 

Section 

0.084 

0.100 

0.251 

0.299 

C-C 

0.335 

0.400 

0.419 

0.500 

0.502 

0.599 

0.586 

0.700 

0.670 

0.799 

0.754 

0.899 

Pressure 

0.703 

0.840 

Tip 

Suction 

Section 

0.100 

0.1  10 

0.309 

0.340 

G-G 

0.499 

0.548 

0.574 

0.631 

0.655 

0.720 

0.710 

0.780 

0.792 

0.870 

Pressure 

0.681  f<t'”  ' 

— - • -j  0.747 

0.3°0  Lt  v 4 

- 0.429 

NOTF:  Tip  section  taps  arc  actually  located  p,  valid  to  wall  on  section  J-J 

shown  in  Figure  1 42. 


PAGE  NO.  1 25 


UNCLASSIFIED 


tabu:  xxiii 

AIRFOIL  STATIC  I’Rl  SSCkl  INST  RL MF.NTATION 

MLDU'M  SOLID'.  I Y 
FIRST  STACiF  BLADF 
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TABU:  XXIV 

AIRFOIL  STATIC  PRESSURE  INSTRUMENTATION 
MFDIL’M  SOLIDITY 
S ICON  I)  STAG!:  VANE 


Axial  Length 

Section 

Airfoil  Side 

From  L.E. 

X/bx 

.900 

.199 

.298 

0.398 

0.496 

0.608 

0.696 

0.795 


0.256  0.275 

0.473  0.509 

0.544  0.585 

0.618  0.665 

0.674  0.725 

0.762  — , 0.819 

0.759  L«  i 0.8 1 6 


NOTE:  O.  D.  tups  are  actually  located  parallel  to  wall  on  section  J-J 
shown  on  Fieurc  142. 
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TABLE  XXV 

AIR  I OIL  STATIC  PRESSURE  INSTRUMENTATION 
MEDIUM  SOLIDITY 
SECOND  STAGE  BLADE 


Section 


Airfoil  Side 


Axial  Length 
From  L.E. 


Root 

Section 

A-A 

Suction 

j 

Mean 

Suction 

Section 

C-C 

Tip 

Suction 

Section 

G-G 

0.100 
.3 
.5 
0.700 


0.200 

0.400 

0.600 

'0.800 


NOTE:  Tip  section  taps  are  actually  located  pa.  a'lel  to  wall  on 
section  J-J  shown  on  Figure  142. 
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Figure  143  Typical  Installation  of  Airfoil  Surface  Static  Instrumentation 


(U)  The  static  pressure  instrumentation  in  the  test  airfoil  exit  plane  was  located  on  both 
end  walls.  0.1  inch  axially  downstream  from  the  test  airfoils,  llrese  taps  are  located  • ' 
section  0-0  on  Figures  142  and  144.  A total  of  fifteen  taps  for  each  end-wall  were  ev.  y 
distributed  circumferentially  so  that  two  complete  channels  were  surveyed.  The  static 
pressure  instrumentation  for  the  inlet  plane  was  located  downstream  of  the  preswirl  vanes 
at  section  M-M  (Figures  142  and  144).  Three  taps  were  placed  on  each  end-wall  at  the 
centers  of  the  three  channels. 


Figure  144  Medium  Solidity  Annular  Segment  Cascade  - enfolded  View  of  Test  Section 
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(U)  Four  inlet  static  pressure  taps  and  four  total  temperature  probes  were  located 
before  and  after  the  inlet  plenum  screen.  Four  pressure  taps,  located  in  the  exit  plenum, 
measured  the  exit  static  pressure.  A study  of  these  plenum  configurations  showed  the 
static  pressures  were  equal  to  the  total  pressure;  therefore,  the  static  taps  were  used  tor 
plenum  total  pressure  readings. 

(I'l  The  axial  locations  of  the  traverse  planes  in  the  medium  solidity  cascade  rig  are 
shown  in  Figures  142  and  144.  Flow  quantities  necessary  tor  evaluation  ol  the  airfoil 
performance  are  measured  at  both  these  inlet  and  exit  planes.  1 he  traversing  mechanism 
moved  the  probe  in  circumferential  arcs  of  constant  angular  extent,  and  across  the  How 
from  the  center  three  channels.  The  total  pressure  and  gas  angle  was  traversed  at  nine- 
teen radial  locations  distributed  symmetrically  spanwise  about  the  mean.  The  percents 
of  span  for  these  locations  are  as  follows;  0,  2,  5.  8,  11.  14,  17,  22,  30.  50,  70,  78,  83, 
86.  89.  92.  95,  98  arid  100.  In  order  to  define  the  end-wall  regions  more  accurately, 
more  traverses  were  taken  in  the  end  regions. 

(U)  The  probe  used  to  measure  the  total  pressure  and  How  direction  was  an  extended 
tip  yaw  angle-seeking  cobra  probe.  This  probe  has  low  blockage,  operates  well  at  high 
Mach  numbers,  and  is  ideally  suited  for  the  traversing  mechanism  used  in  this  rig.  A 
front  view  of  the  cobra  probe  is  shown  in  Figure  145. 


Figure  145  Probes  Used  in  Medium  Snliditv  Annular  Cas.  ide  From  Left  to  Right: 

1.5  Inch  Minimum  Blockage  "Cobra"  Probe  il’po'f  ^ + A A).  "Knee" 
Probe  1 Pitch  Angle).  "Banjo”  Probe  (P^p  ^ | ^ + A A) 
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(U>  The  slope  of  the  outer  well  gives  ;i  pood  indication  that  significant  radial  velocities 
will  exist  in  all  the  cascade  configurations,  and  stream  line  calculations  using  the  Tur- 
bine Streamline  Program  proved  this  to  be  the  case.  Therefore,  the  cobra  probe  re- 
quired calibration  for  pitch  angle  incidence  A typical  example  of  this  pitch  angle  error 
is  shown  in  figure  14b.  The  pitch  angle  is  that  angle  measured  from  the  s-'.aft  axis  of 
the  probe,  and  is  equal  to  the  sum  of  90°and  the  arc  tangent  of  the_radial  velocity 
component  divided  by  the  stream  line  velocity  or  f90°+  tan'1  (~ 


Figure  146  Medium  Solidity  Cascade  Pr  >be  Calibration 


(U)  For  the  purpose  of  correcting  the  total  pressure  measurements  of  the  cobra  probe, 
the  actual  pitch  angle  was  measured  at  the  test  airfoil  exit  plane  with  a pitch  angle 
probe.  A picture  of  this  probe  is  shown  in  Figure  145  Each  cascade  test  airfoil  exit 
plane  was  calibrated  and  a typeia!  result  is  shown  in  i igure  147.  Here,  the  experimental 
results  for  the  second  blade  are  compared  with  the  analytical  prediction.  At  the  test 
airfoil  inlet  plane,  general  agreement  with  the  predicted  values  made  it  reasonable  to 
use  these  values  when  analyzing  the  performance  of  tl.e  inlet  guide  vanes  and  calcu- 
lating the  test  airfoil  inlet  total  pressure  profile. 
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(U)  Prior  to  initiating  test  on  the  first  vane  cascade,  a banjo  probe  was  used  to  measure 
the  static  pressures  at  the  exit  plane  Tltis  probe  is  also  shown  in  figure  1-15.  Although 
this  probe  is  difficult  to  use  for  measuring  static  pressure  at  high  design  point  Mach 
numbers,  it  did  indicate  a smooth  static  pressure  profile  at  a mean  section  exit  Mach 
number  of  0.6.  I Experience  with  previous  testing  also  showed  tltis  smooth  variation  of 
static  pressure  at  the  exit  plane. 

4.  DISCUSSION 

(U)  The  testing  and  analysis  of  the  data  on  the  medium-reaction,  medium-solidity 
first  vane  and  first  blade  has  been  completed.  Initial  testing  of  the  second  vane  and 
second  blade  has  been  done,  but  the  data  analysis  was  not  completed  at  the  time  of 
writing  of  this  interim  report. 

(U)  For  the  first  vane  and  first  blade,  data  were  taken  at  the  design  Mach  numbers 
and  at  Mach  numbers  0.1  below  and  above  the  design  value,  while  holding  the  design 
Reynolds  Number  constant.  Also,  data  were  taken  for  the  lirst  vane  cascade  at 
Reynolds  Numbers  50  and  75  percent  below  the  design  Reynolds  Number  and  50 
percent  above  the  design  Reynolds  Number  while  holding  the  Mach  Number  constant 
at  the  design  value.  Fxeept  for  the  75  percent  below  design  Reynolds  Number  point, 
Reynolds  Number  data  were  also  taken  tor  the  first  blade.  The  purpose  ol  taking  the 
test  data  in  this  manner  was  to  isolate  the  Maclr  number  and  Reynolds  Number  elfects. 

( U ) The  inlet  guide  vanes  have  been  calibrated  for  all  four  airfoil  cascades.  Their 
performance  was  determined  by  traversing  the  inlet  to  the  test  airtoils.  The  measured 
total  pressure  loss  contours  ( Figures  1 48  through  151).  the  out-of-wake  average  span- 
wise  loss  distribution  with  probe  corrections  (Figures  152  through  155)  and  the  inlet 
guide  vane  average  spanwise  exit  flow  angle  (Figures  156  through  159)  are  presented. 

The  out-of-wake  total  pressure  levels  were  calculated  for  the  test  airtoil  inlet  condi- 
tions since  the  test  airfoil  flow  channel  was  not  in  the  path  of  the  inlet  guide  vane  wakes. 

(U)  Analysis  of  the  inlet  guide  vane  data  indicates  that  the  first  vane  and  lirst  blade 
test  airfoils  had  acceptable  inlet  pressure  loss  contours  (Figures  148  and  149).  Exit 
gas  flow  angles  from  these  two  guide  vanes  were  also  satisfactory  (Figures  156  and 
157).  the  incidence  on  the  test  airfoils  being  small  o.er  the  major  portion  of  the  air- 
foil span.  The  usual  passage  secondary  How  causes  me  overturning  at  the  inlet  guide 
vane  walls  noted  in  these  figures.  The  second  vane  inlet  guide  vane  pressure  loss 
contours,  however,  show  excessively  large  losses  anc  incidence  (+5°).  indicating  that 
the  inlet  guide  vanes  must  be  corrected  before  furtlvr  testing  can  be  justified  (Figures 
150  and  1 58 1.  This  did  not  come  as  a surprise  since,  a . noted  in  the  Reference  3 
Report,  the  normal  solidity  second  vane  inlet  guide  anc  of  the  same  design  (Task  lib) 
had  to  be  redesigned  for  the  (Task  lie)  boundary  lay  m control  evaluation  (see  Section 
IV  of  this  Report).  This  information  became  known  a ‘"ter  the  guide  vanes  were 
fabricated  for  this  medium-solidity  test.  The  second  blade  cascade  also  has  a drastic 
positive  incidence  in  the  upper  half  of  the  span.  1 his  inlet  guide  vane  must  also  be 
corrected  before  additional  tests  are  made. 
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Figure  150  Inlet  Guide  Vane  Pressure  Loss  Contours.  S<  cond  Vane  Medium  Soliditv 
Cascade— Midspan  l a it  Test  Airfoil  Mach  No.  = 0.860 
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Figure  153  Inlet  Guide  Vane  Spanwisc  Pressure  Loss  Distribution,  First  Blade  Medium 
Solidity  Cascade -Mid span  Fxit  Test  Airfoil  Mach  No.  = 0.775 
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F igure  154  Inlet  Guide  Vane  Spumvise  Pressure  l.oss  Distribution,  Second  Vane  Medium 
Solidity  Cascade  Midspan  Exit  Test  Airfoil  Mach  No.  = 0.860 
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Figure  155  Inlet  Guide  Vane  Spamvise  Pressure  Loss  Distribution.  Second  Blade  Medium 
Solidity  Cascade-Midspan  Exit  Test  Airfoil  Mach  No.  = 0.918 
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Figure  157  Inlet  Guide  Vane  Spanwise  Exit  Angle  Distribution,  First  Blade  Medium 
Solidity  Cascade-Midspan  Exit  Test  Airfoil  Mach  No.  = 0.775 


Figure  1 58 
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(U)  Th'.'  plots  of  the  important  aerodynamic  quantities  based  on  the  inlet  and  exit  plane 
measurements  for  the  first  vane  and  first  blade  medium-solidity  airfoils  are  shown  in 
Figures  160  through  171  at  the  test  exit  Mach  numbers  nearest  to  the  design  value. 

These  plots  are  presented  for  the  same  parameters  and  in  the  same  order  as  the  per- 
formance data  in  Section  IV. 


Figure  160  Pressure  Loss  Contours,  First  Vane,  Medium  Solidity,  Three  Flow  Passages, 
Midspan  Fxit  Mach  No.  = 0.835 
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Figure  161  Pressure  Loss  Contours.  First  Blade 
Midspan  Exit  Mach  No.  = 0.775 
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Figure  166  Spanwisc  Loss  Coefficient  Distribution,  First  Vane,  Medium  Solidity,  Midspan 
Exit  Mach  No.  = 0.835 
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Figure  167  Spanwise  Loss  Coefficient  Distribution,  First  Blade,  Medium  Solidity,  Midspan 
Exit  Mach  No.  = 0.775 
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Figure  168  Spanwisc  Exit  Gas  Angle  Distribution,  First  Vane,  Medium  Solidity,  Midspan 
Exit  Mach  No.  = 0.835 


Figure  169  Spanwisc  Exit  Gas  Angle  Distribution,  First  Blade,  Medium  Solidity,  Midspan 
Exit  Mach  No.  = 0.775 
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Figure  170  Spanwise  Exit  Mach  Number  Distribution,  First  Vane,  Medium  Solidity,  Mid- 
span Exit  Mach  No.  = 0.835 
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Figure  171  Spunwise  Exit  Much  Number  Distribution,  First  Blade,  Medium  Solidity.  Mid 
span  Exit  Mach  No.  = 0.775 
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(U)  The  first  vane  airfoil  cascade  pressure  loss  contours  (Figure  160)  indicate  low  loss 
pockets  over  the  midspan  areas  with  the  higher  loss  regions  in  the  airfoil  suction  surface 
and  end-wall  corners.  These  losses  originate  at  the  end-wall  and  migrate  from  the  pres- 
sure surface  to  the  suction  surface  and  accumulate  in  the  corners.  1 his  is  reflected  in 
the  plot  of  the  average  spamvise  distribution  of  the  total  pressure  loss  1 1 igure  164)  and 
loss  coefficient  (Figure  166)  where  the  collection  of  end-wall  loss  is  evident.  The  inte- 
grated overall  loss  coefficient  for  this  airfoil  is  0.050,  and  the  midspan  value  is  0.03 1 5 
at  a midspan  exit  Mach  numbers  of  0.835.  The  midspan  loss  coefficient  predicted  by 
boundary  layer  calculations  is  0.025. 

(U)  The  effect  of  Mach  number  and  Reynolds  Number  on  the  midspan  loss  coefficient 
is  shown  in  Table  XXVI  for  the  first  vane.  The  loss  levels  change  only  within  the  experi- 
mental error  with  Mach  number  at  constant  design  Reynolds  Number.  The  loss  level 
at  constant  Mach  number  has  its  lowest  value  (0.025)  at  75  percent  of  design  Reynolds 
Number,  indicating  that  boundary  layer  transition  point  for  this  Reynolds  Number  is 
optimum  (i.e.,  transition  takes  place  just  in  time  to  prevent  flow  separation). 

TABLE  XXVI 

MEDIUM  SOLIDITY 
FIRST  VANE 

PROFILE  LOSS  COEFFICIENT  VARIATIONS  AT  MEAN  SECTION 

1 - 

DESIGN:  M = 0. 

0.5R  0.75R 

M - 0. 1 

M 0.047  0.025 

M + 0.1 


(U)  The  airfod  exit  gas  angle  contours  (Figure  1 5 2 » indicate  close  agreement  with  the 
design  angles  tor  the  midspan  portion  of  the  first  va  ’.e,  with  some  overturning  at  the 
root  and  tip  due  to  secondary  flow.  This  is  more  clearly  shown  on  the  exit  angle  span- 
wise  plot  on  which  the  design  angles  arc  also  shown  (Figure  1 58).  The  data  gave  no 
evidence  of  flow  separation,  and  this  was  verified  by  visual  observation  of  the  oil  and 
graphite  flow  patterns. 

(U)  Airfoil  surface  static  pressure  distribution  at  the  root,  mean  and  tip  are  shown  in 
Figures  172  through  i 74.  The  experimental  and  predicted  values  are  indicated  on  these 
plots.  As  noted  from  the  circumferentially  averaged  Mach  number  distribution  (Fig- 
ure 170),  the  Mach  number  at  the  mean  was  very  c)o;c  to  the  design  value,  with  a sub- 
stantially lower  Mach  number  at  the  root.  Consequr  i'tly,  the  experimental  data  dupli- 


54,  R = 4.38  x 105 
R 1.5R 

0.035 

0.0315  0.040 

0.031 
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cated  tin.'  predicted  pressure  distribution  closely,  and  the  root  section  indicates  an  un- 
loaded airfoil.  A similar  problem,  but  to  a lesser  degree,  exists  at  the  tip  section.  As 
discussed  in  detail  in  t lie  Reterenee  3 Report,  the  reason  lor  this  is  the  inability  of  the 
annular  segment  cascade  to  reproduce  the  desired  static  pressure  gradient  at  the  exit 
plane. 


i Figure  I 72  Static-to-Total  Pressure  Ratio  versus  Percent  of  Axial  Chord,  First  Vane  Medium 

Solidity  - Root  Section 


Figure  173  Static-to-Total  Pressure  Ratio  versus  Percent  of  Axial  Chord,  First  Vane  Medium 
Solidity  - Mean  Section 
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Figure  174  Static-to-Total  Pressure  Ratio  versus  Percent  of  Axial  Chord.  First  Vane  Medium 
Solidity  - Tip  Section 


(U)  The  first  blade  airfoil  cascade  pressure  loss  contours  (Figure  161)  show  a large  loss 
pocket  at  the  root  section,  indicating  flow  separation  at  the  wall.  The  average  spanwise 
pressure  loss  distribution  (Figure  165)  and  loss  coefficient  (Figure  167)  also  show  this 
to  be  the  case.  As  noted  in  the  Reference  2 Report,  analyses  were  made  to  determine 
if  potential  pr  Toiems  of  flow  separation  would  exist  on  the  inside  end-wall  extensions 
downstream  cl  the  test  airfoil  for  each  cascade  design.  Unfortunately,  the  end-wall 
extension  for  the  first  blade  cascade  was  not  sufficiently  long  to  maintain  a small 
enough  pressure  gradient  to  prevent  separation.  Some  evidence  of  this  was  seen  in  the 
normal  solidity  first  blade  baseline  evaluation,  reported  in  the  Reference  3 Report.  The 
traverse  instrumentation  used  on  that  cascade,  however,  was  sufficiently  close  to  the 
airfoil,  so  that  the  performance  calibration  was  not  adversely  affected.  The  medium- 
solidity  first  blade  cascade  traverse  instrumentation  was  located  further  downstream 
in  the  wall  separated  region,  giving  results  which  are  not  indicative  of  the  airfoil  per- 
formance. 

(U)  The  airfoii  surface  static  pressure  distributions  are  presented  for  the  first  blade  in 
Figures  175  through  177.  The  same  comments  apply  to  this  data  as  to  the  surface  pres- 
sure distributions  for  the  first  vane  airfoil.  Furthermore,  the  separated  flow  at  the  root 
section  caused  a major  shift  in  the  flow  distribution,  causing  a large  increase  in  Mach 
number  at  the  tip  section  (Figure  171). 
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Figure  175  Static-to-Total  Pressure  Ratio  versus  Percent  of  Axial  Chord,  First  Blade  Medium 
Solidity  - Root  Section 
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PERCENT  OF  AXIAL  CHORD 

Figure  177  Static-to-Total  Pressure  Ratio  versus  Percent  of  Axial  Chord,  First  Blade  Medium 
Solidity  - Tip  Section 


5.  CONCLUSIONS 

(U)  Conclusions  drawn  as  a result  of  the  performance  evaluation  of  the  medium- 
solidity  airfoils  and  comparisons  with  the  normal  solidity  results  w ill  be  reported  in  the 
next  interim  report,  after  completion  of  Task  I Id. 

6.  TEST  PROCEDURE 


(U)  The  annular  segment  cascade  tests  of  the  medium  solidity  airfoils  were  performed 
in  the  Wiligoos  Laboratory  at  Fast  Hartford  on  X-214A  stand.  These  performance 
tests  required  various  combinations  of  compressors  ; nd  exhausters,  as  well  as  the  test 
stand  natural  gas  burner  to  attain  the  desired  Mach  i umbers  and  Reynolds  Numbers 
at  the  cascade  exit  plane,  l est  conditions  were  alwa  .s  chosen  so  as  to  prevent  the 
condensation  of  atmospheric  water  vapor. 


(U)  For  each  of  the  four  configurations,  four  tests  were  required  for  a complete  per- 
formance evaluation  at  any  test  point.  The  first  and  econd  of  these  tests  were  the 
traversing  of  the  test  airfoil  inlet  and  exit  planes  w it!  the  total  pressure  cobra  probe. 

A third  test  to  determine  the  pitch  angle  was  conducted  by  traversing  the  test  airfoil 
exit  plane  with  the  pitch  angle  probe.  Finally,  a (low  v sualization  test  was  conducted. 
The  procedure  listed  below  was  used  for  these  tests: 
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• The  cascade  test  pack  was  installed  on  the  stand  and  all  of  the  fixed  instrumenta- 
tion was  connected 

• The  traversing  probe  was  installed  either  at  the  inlet  or  exit  plane  of  the  test  air- 
foil 

• The  traversing  probe  was  correctly  located  relative  to  the  test  airfoil 

• The  total  pressure  transducers  for  the  traversing  probe  and  data  recording  equip- 
ment were  calibrated 

• The  laboratory  compressors  and  exhausters  which  were  required  for  the  test  were 
started  and  allowed  to  reach  steady  operating  conditions  (approximately  2 hrs.) 

• Test  stand  burner  was  started  and  the  required  aerodynamic  conditions  were  set 
at  the  cascade  exit  plane  mean  section 

• Fixed  instrumentation  readings  were  recorded  with  traversing  probe  removed. 

This  step  was  repeated  after  the  midspan  traverse,  and  at  the  conclusion  of  the 
test 

• The  cobra  probe  was  traversed  circumferentially  at  the  nineteen  required  radial 
locations  starting  at  the  outer  diameter.  Data  was  simultaneously  recorded  on 
plotomat  charts  and  punched  onto  computer  cards 

• The  test  to  determine  the  pitch  angle  at  the  cascade  exit  plane  was  carried  out 
using  the  preceeding  steps,  except  that  the  cobra  probe  was  replaced  by  the  pitch 
probe 

• The  flow  visualization  test  was  carried  out  with  the  exhaust  plenum  cover  removed. 
For  this  final  test  the  airfoils  and  end-walls  of  the  cascade  pack  were  painted  with 

a layer  of  graphite  and  heavy  oil.  The  air  total  te  r.perature  was  set  at  about 
100°F  and  the  total  pressure  was  set  to  give  the  r ’quired  Mach  number.  Test  stand 
safety  rules  prevented  dumping  ofhotter  air  into  the  cell  with  the  exhaust  cover 
removed,  thus  preventing  simulation  of  the  desigi  Reynolds  Number.  Air  was 
allowed  to  flow  through  the  cascade  for  one  minute  and  the  resulting  patterns 
were  observed.  In  order  to  determine  if  removal  c f this  cover  affected  the  cascade 
performance,  a test  was  made  where  the  cascade  was  traversed  and  the  performance 
data  obtained  with  the  cover  removed.  There  was  no  difference  between  this  data, 
and  data  taken  with  the  cover  in  place  at  the  same  Tow  conditions. 


(The  reverse  of  this  page  is  blank) 
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SECTION  VI 

PRELIMINARY  DESIGN  MANUAL  PREPARATION  {TASK  lie) 
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Sr.CTION  VI 

PRELIMINARY  DESIGN  MANUAL  PREPARATION  (TASK  He) 

1.  RFP  OBJECTIVE 

(U)  Prepare  the  preliminary  draft  of  the  Turbine  Design  Procedure  Manual. 

2.  TASK  OBJECTIVE 

(U)  The  purpose  of  this  task  is  to  do  preliminary  work  on  the  preparation  of  a 
Turbine  Design  Procedure  Manual.  This  manual  will  contain  the  following  information 
for  each  computer  program  used  to  design  the  Contract  turbine:  a How  diagram;  a 
listing  for  all  input  and  output  items  and  t heir  definitions;  a list  ol  detinitions  tor 
each  term  used  in  the  computer  code;  a write-up  ot  the  pertinent  equations;  a listing 
of  the  computer  code  in  Fortran  IV;  a copy  of  the  computer  program  decks  in 
Fortran  IV:  any  necessary  test  cases  for  deck  check-out. 

3.  STATUS 

(U)  All  of  the  decks  listed  below  have  been  converted  to  Fortran  IN’,  checked  out  on 
an  IBM  7094.  and  a tape  containing  these  decks  has  been  received  by  the  Air  Force. 

In  addition.  How  diagrams  and  test  cases  were  also  supplied.  These  decks  included: 

• Turbine  Meanline  Design  Program 

• Turbine  Stage-Off  Design  Program 

• Turbine  Streamline  Analysis  Program 

• Airfoil  Pressure  Distribution  Program 

• Airfoil  Boundary  Layer  Program 

• Turbine  Airfoil  Design  and  Section  Properties  Program 

• Airfoil  Curved  Line  Fairing  Program 

• Airfoil  Straight  Line  Fairing  Program 

This  completes  the  requirements  of  Task  He. 

(U)  Engineering  write-up  of  the  above  listed  decks  is  n process,  and  rough  drafts 
have  been  completed  for  most  of  these  decks.  The  Turbine  Meanline  Design  Program 
write-up  has  been  received  by  the  Air  Force.  Those  remaining  will  be  completed  as 
part  of  the  requirements  for  Task  lid,  Design  Procedure  Manual  Preparation. 
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APPENDIX 


TABLE  NOS.  IV  THROUGH  XII 

REDESIGNED  SECOND  VANE 
CASCADE  TURNING  VANE 


TABLE  NOS.  XIII  THROUGH  XX 
RECONTOURED  SECOND  VANE 
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TABLE  IV 

REDESIGNED  SECOND  VANE  CASCADE  TURNING  VANE 


Radius  of  Root  Section  : 
l*itch  = 1.5708 


7.5000 


Axial  Chord  = 3.2500 
No.  of  f oils  = 4. 


Actual  Chord  - 3.7443 


Percent 

Foil  X 

Foil  Y 

Foil  Y 

X 

Suction 

(Circle) 

0.0 

0.0 

1.9060 

1.8810 

0.01 

0.0325 

1.9060 

1.9060 

0.02 

0.0650 

1.9058 

1 .9058 

0.03 

0.097  5 

1.9052 

1 .90S  2 

0.04 

0. 1 300 

1.9044 

1.9044 

0.05 

0.1625 

1.9032 

1.9032 

0.10 

0.3250 

1.8926 

1.8926 

0.15 

0.4875 

1.8737 

1.8737 

0.20 

0.6S00 

1.8462 

1.8462 

0.25 

0.8125 

1.8098 

1.8098 

0.30 

0.9750 

1.7642 

1.7642 

0.35 

1.1375 

1/7091 

1.7091 

0.40 

1.3000 

1.6443 

1.6443 

0.45 

1.4625 

1.5694 

1.5694 

0.50 

1.6250 

1.4842 

1.4842 

0.55 

1.787S 

1.3885 

1.3885 

0.60 

1.9S00 

1.2822 

1.2822 

0.65 

2.1 125 

1.1649 

1.1649 

0.70 

2.2750 

1.0367 

1.0367 

0.75 

2.437S 

0.8475 

0.8975 

0.80 

2.6000 

0.7470 

0.7470 

0.85 

2.7625 

0.5854 

0.5854 

0.90 

2.92S0 

0.4127 

0.4127 

0.95 

3.087  S 

0.2289 

0.2289 

0.98 

3.1850 

0.1  101 

0.1101 

0.99 

3.2175 

0.0718 

0.1718 

1.00 

3.2500 

0.0339 

0.0250 

Foil  L.E.  Circle 

X = 0.0250, 

Y = 1.8810, 

R = 0.02 

Foil  T.F.  Circle 

X = 3.2250, 

Y = 0.0250, 

R = 0.02 

Foil  L.F..  Tangency  Pt.  Suction 

X - 0.0250, 

v — a men 

Y = 1.9060 

V — 1 SCAR  „ 

Foil  L.E.  Tangency  Pt.  Pressure 

A — U.UZMJ, 

T — 1 .B5DU  | 

f oil  T.E.  Tangency  Pt.  Section 
Foil  T.K.  Tangency  Pt.  Pressure 

Foil  Nose  Point 
Foil  Tail  Point 

Foil  Area  (Less  Core)  = 0 I 968 

Gaging 
Gaging  Angle 

Center  of  Gravity 
Radial  Reference 

Inlet  Angle 
Exit  Angle 
Uncovered  Turning 

Constant  Section  Thickness  - .050 


X = 3.2444, 
X = 3.2056, 


X = 0.0 
X = 3.2408, 


LAMBDA  = 1.0214, 
= 40.561 

X = 1.7483, 

X = 1.7483, 

= 90.000, 

= 39.060, 

= 8.198 


V = 0.0408 

Y = 0.0092 


Y = 1.8810 

Y = 0.0056 


X = 2.5142, 


Y = 1.2100 

Y = 1.2100 

Delta  Beta  1 = 0.001 
Delta  Beta  2 = 0.001 
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Y = 0.8279 
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TABLE  V 

REDESIGNED  SECOND  VANE  CASCADE  TURNING  VANE 


Radius  of  I/8R  Section  = 7.890S  Axial  Chord  = 3.2500  Actual  Chord  = 3.6746 

Pitch  = 1.6526  No.  of  f oils  = 4. 


Percent 

Foil  X 

Foil  Y 

Foil  Y 

X 

Suction 

(Circle) 

0.0 

0.0 

1.4951 

1.4701 

0.01 

0.0325 

1.4950 

1.4950 

0.02 

0.06SO 

1.4949 

1.4949 

0.03 

0.0975 

1.4945 

1.4945 

0.04 

0.1  300 

1.4939 

1.4939 

0.05 

0.1625 

1.4930 

1.4930 

0.10 

0.3250 

1.4849 

1.4849 

0.15 

0.487  S 

1.4702 

1.4702 

0.20 

0.6S00 

1.4485 

1.4485 

0.25 

0.8  1 2 5 

1.4192 

1.4192 

0.30 

0.9750 

1.3817 

1.3817 

0.35 

1.1375 

1.3353 

1.3353 

0.40 

1.3000 

1.2797 

1.2797 

0.45 

1.4625 

1.2143 

1.2143 

0.50 

1.6250 

1.1384 

1.1384 

0.55 

1.787S 

1.0518 

1.0518 

0.60 

1.9500 

0.9540 

0.9540 

0.65 

2.1 12S 

0.8449 

0 8449 

0.70 

2.2750 

0.7243 

0.7243 

0.7  5 

2.4375 

0.5922 

0.5922 

0.80 

2.6000  . 

0.4489 

0.4489 

0.85 

2 762S 

0.2944 

0.2944 

0.90 

2.9250 

0.1291 

0.1291 

0.95 

3.087  S 

-0.0468 

-0.0468 

0.98 

3.1850 

-0.1602 

-0.1602 

0.99 

3.2175 

-0.1978 

-0.1978 

1.00 

3.2500 

-0  2331 

-0.2422 

Foil  L.F..  Circle 

X = 0.0250. 

Y = 1.4701, 

R = 0.0250 

Foil  T.E.  Circle 

X = 3.2250, 

Y = -0.2422, 

R = 0.0250 

Foil  L.F..  Tangency  Ft.  Suction 

X = 0.0250. 

Y = 1.4951 

Foil  L.E.  Tangency  Ft.  1 ressure 

X = 0.0250, 

Y = 1 .445 1 

Foil  T.F..  Tangency  Pt.  f uciion 

X = 3.2441, 

Y = -0.2260 

Foil  T.E.  Tangency  Pt.  Piers ure 

X = 3.2059, 

Y = -0.2584 

Foil  Nose  Point 

X = 0.0 

Y = 1.4701 

Foil  Tail  Point 

X = 3.2412, 

Y = -0.2613 

Foil  Area  (Less  Core)  = 0. 1 9 1 5 

♦ Gaging 

LAMBDA  = 1.1087, 

X = 2.4816. 

Y = 0.5S4S 

Gaging  Angle 

= 42.13S 

Center  of  Gravity 

X = 1.7469, 

Y * 0.8682 

Radial  Reference 

X = 1.7483, 

Y = 1.2100 

Inlet  Angle 

= 90.000, 

D'  Ha  Beta  1 

- 0.001 

Exit  Angle 

= 40.355, 

Delta  Beta  2 

= 0.001 

Uncovered  Turning 

= 8.737 

Constant  Section  Thickness  = .050 
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TABLE  VI 

REDESIGNtU  SECOND  VANE  CASCADE  TURNING  VANE 


Radius  of  I/4R  Section  - 8.28 iO 

A xial  Chord 

= 3.2500 

Actual  Chord  - 3.6127 

Pitch  = 1.7344 

No.  of  Foils 

= 4. 

Percent 

Foil  X 

Foil  Y 

Foil  Y 

X 

Suction 

(Circle) 

0.0 

0.0 

1.11  60 

4 1.0910 

0.01 

0.0325 

1.1  160 

1.1  160 

0.02 

0.0650 

l.l  1 59 

1.1  IS9 

0.03 

0.0975 

1.1155 

l.l  155 

0.04 

0.1300 

1.1150 

1.1  150 

0.05 

0.1625 

1.1  143 

l.l  143 

0.10 

0.3250 

1.1077 

1.1077 

0.15 

0.4875 

1.09S5 

1.095  5 

0.20 

0.6500 

1.0772 

1.0772 

0.25 

0.812S 

1.0521 

1.0521 

0.30 

0.9750 

1.0196 

1.0196 

0.35 

1.1375 

0.9791 

0.9791 

0.40 

1.3000 

0.9298 

0.9298 

0.45 

1.4625 

0.8712 

0.8712 

0.50 

1 .62  SO 

0.8026 

0.8026 

0.55 

1.7875 

0.7236 

0.7236 

0.60 

1.9500 

0.6337 

0.6337 

0.65 

2.1  125 

0.5328 

0.5328 

0.70 

2.2750 

0.4207 

0.4207 

0.7  5 

2.4375 

0.2974 

0.2974 

0.80 

2.6000 

0.1633 

0.1633 

0.85 

2.7625 

0.0186 

0.0186 

0.90 

2.9250 

-0.1362 

-0.1  362 

0.95 

3.0875 

-0.3010 

-0.3010 

0.98 

3.18SO 

-0.4063 

-0.4063 

0.99 

3.2175 

-0.4412 

-0.4412 

1.00 

3.2500 

-0.4753 

-0.48S0 

Foil  L.K.  Circle 

X = 0.0250, 

Y = 1.0910, 

R = 0.0250 

Foil  T.E.  Circle 

X = 3.2250. 

Y = -0.4850, 

It  = 0.0250 

Foil  L.F.  Tangency  Pt.  Suction 

X = 0.0250, 

Y = 1 . 1 ! 60 

Foil  L.F.  Tangency  Pt.  Pressure 

X = 0.0250, 

Y = 1.0660 

V — n At.Q'j 

Foil  T.E.  Tangency  Pt.  Suction 
foil  T.E.  Tangency  Pt.  Pressure 

X = 3.2435, 
X = 3.206S, 

T — -U.'IOOi 

Y - -0.5018 

Foil  Nose  Point 

X = 0.0 

Y = 1.0910 

Foil  Tail  Point 

X = 3.2418, 

Y = -0.503S 

Foil  Area  (Less  Core)  = 0.  85  5 

Gaging 

LAMBDA  = 

1.2102, 

X = 2.4540, 

Y = 0.2843 

Gaging  Angle 

— 

44.250 

Center  of  Gravity 

X = 1.7356, 

Y - 0.5496 

Radial  Reference 

X = 1.7483, 

V 1.2100 

Inlet  Angle 

= 90.000, 

Delta  Beta  1 

= 0.001 

Exit  Angle 

= 42.300. 

Delta  Beta  2 

= 0.001 

Uncovered  Turning 

= 9.080 

Constant  Section  7 hicknes-  - .05 0 
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TABLE  VII 

REDESIGNED  SECOND  VANE  CASCADE  TURNING  VANE 


Radius  of  3/8R  Section  = 8.67  1 5 
Pitch  = 1.8162 


Axial  Chord  = 3.2SOO 
No.  of  Toils  - 4 


Actual  Chord  = 3.5567 


Percent 

Foil  X 

Foil  Y 

Foil  Y 

X 

Suction 

(Circle) 

0.0 

0.0 

0.7617 

0.7  367 

0.01 

0.032S 

0.7617 

0.7617 

0.02 

0.0650 

0.7615 

0.76 1 5 

0.03 

0.0975 

0.7613 

0.7613 

0.04 

0. 1 300 

0.7609 

0.7609 

0.05 

0.1625 

0.7603 

0.7603 

0.10 

0.3250 

0.7541 

0.7541 

0.15 

0.4875 

0.7427 

0.7427 

0.20 

0.6500 

U.726I 

0.7261 

0.25 

0.8125 

0.7029 

0.7029 

0.30 

0.9750 

0.6731 

0.6731 

0.35 

1.1375 

0.6357 

0.63S7 

0.40 

1.3000 

0.5905 

0.5905 

0.45 

1.4625 

0.5  367 

0.5367 

0.50 

1.6250 

0.4739 

0.4739 

0.55 

1.7875 

0.401 5 

0.4015 

0.60 

1.9500 

0.3192 

0.3192 

0.65 

2.1 125 

0.2  268 

0.22u8 

0.70 

2.2750 

0.1241 

0.1241 

0.75 

2.437S 

0.0112 

0.0112 

0.80 

2.6000 

—0.  Ills 

-0.1  115 

0.85 

2.7625  • 

-0.2440 

-0.2440 

0.90 

2.9250 

—0.3859 

-0.3859 

0.95 

3.0875 

-0.5  368 

-0.5368 

0.98 

3.1850 

-0.6299 

-0.6299 

0.99 

3.2175 

-0.6641 

-0.6641 

1.00 

3.2500 

-0.6966 

-0.7069 

Foil  L.E.  Circle 

X = 0.0250, 

Y = 0.7  367, 

R = 0.025 

Foil  T.E.  Circle 

X = 3.2250, 

Y = -0.7069, 

R = 0.02* 

Foil  L.F..  Tangencv  Pt.  Suction 

X = 0.0250, 

Y = 0.7617 

Foil  L.E.  Tangency  Pt.  Pressure 

X = 0.0250, 

Y=  0.7117 

Foil  T.E.  Tangency  Pt.  Si  ction 

X = 3.2427, 

Y = -0.6893  ■ 

Foil  T.E.  Tangency  Pt.  Pt  ;ssure 

X = 3.2073, 

Y = -0.7245  | 

Foil  Nose  Point 

X = 0.0 

Y = 0.7367 

Foil  Tail  Point 

X = 3.2426, 

Y = -0.7246 

Foil  Area  (Less  Core)  = C.1790 

Gaging 

Gaging  Angle 

LAMBDA  = 1.3262, 

= 46.906 

X = 2.4321, 

Y = 0.01 ! 

Center  of  Gravity 

X = 1 .7 1 55, 

Y = 0.2492 

Radial  Reference 

X = 1.7483, 

Y = 1.2100 

Inlet  Angle 

= 90.000, 

Delta  Beta  1 - 0.001 

Exit  Angle 

Uncovered  Turning 

-44.825, 

= 9.303 

Delta  Beta  2 = 0.001 

Constant  Section  Thickness  = .050 
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TABLE  VIII 

REDESIGNED  SECOND  VANE  CASCADE  TURNING  VANE 


Radius  of  Mean  Section  - 9.0625 

Axial  Chord  :: 

3.2SOO  Actual  Chord  = 3.4991 

Pitch  1.H9S0 

No.  of  t oils  = 

4. 

Percent 

roil  X 

Foil  y 

Foil  Y 

X 

Suction 

(Circle) 

0.0 

0.0 

0.3960 

t 0.3710 

0.01 

0.0325 

0.3960 

0.3960 

0.02 

0.0650 

0.3959 

0.3959 

0.03 

0.0975 

0.3956 

0.3956 

0.04 

0.J300 

0.3952 

0.3952 

0.05 

0.1625 

0.3946 

0.3946 

0.10 

0.3250 

0.3889 

0.3889 

0.IS 

0.4875 

0.3787 

0.3787 

0.20 

0.6500 

0.3633 

0.3633 

0.25 

0.81  25 

0.3424 

0.3424 

0.30 

0.9750 

0.3154 

0.3154 

0.35 

1.1375 

0.2819 

0.2819 

0.40 

1.3000 

0.2413 

0.2413 

0.45 

1.4625 

0.1931 

0.1931 

0.50 

1.6250 

0.1369 

0.1369 

0.55 

1.7875 

0.0723 

0.0723 

0.60 

1.9S00 

-0.001  1 

-0.001  1 

0.65 

2.1  125 

— 0.083S 

-0.0835 

0.70 

2.2750 

-0.1751 

-0.1751 

0.7  5 

2.4375 

-0.2759 

-0.2759 

0.80 

2.6000 

-0.3859 

-0.3859 

0.85 

2.7625 

-0.5049 

-0.5049 

0.90 

2.9250 

-0.6327 

-0.6327 

0.95 

3.0875 

-0.7691 

-0.7691 

0.98 

3.1850 

-0.8552 

-0.8552 

0.99 

3.2175 

-0.8779 

-0.8779 

1.00 

3.2500 

-0.9140 

-0.9250 

Foil  L.F..  Circle 

X = 0.0250, 

Y = 0.3710, 

R = 0.0250 

Foil  T.E.  Circle 

X = 3.2250, 

Y = -0.9250, 

R = 0.0250 

Foil  L.F..  Tangency  Pt.  Suction 

X = 0.0250, 

Y = 0.3960 

Foil  L.E.  Tangency  Pt.  Pressure 

Foil  T.E.  Tangency  Pt.  Suction 

X = 0.0250, 

X = 3.2419, 

Y = 0 1460  _ 

Y = -0.9066 

Foil  T.E.  Tangency  Pt.  Pressure 

X = 3.2081, 

Y = -0.9434  " 

Foil  Nose  Point 

X = 0.0 

Y = 0.3710 

foil  Tail  Point 

X = 3.2434, 

Y = -0.9419 

Foil  Area  (Less  Core)  = 0 1 736 

Gaging 

LAMBDA  = 1.4S14, 

\ = 2.4249, 

Y = -0.2678 

Gaging  Angle 

= 49.880. 

Center  of  Gravity 

X = 1 6977, 

Y = -0.0585 

kadial  Reference 

X = 1.7483, 

Y = 1.2100 

Inlet  Angle 

= 90.000. 

Delta  Beta  I = 0.001 

Exit  Angle 

= 47.550, 

Delta  Beta  2 = 0.001 

Uncovered  Turning 

= 9.654 

Constant  Section  Thicknesc  = .050 
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TABLE  IX 

REDESIGNED  SECOND  VANE  CASCADE  TURNING  VANE 


Radius  of  1/8T  Section  = 9.4531 

Axial  Chord  = 

3.2SOO 

Ac  tual  Chord  = 3.4  371 

Pitch  - 1.9799 

No.  of  Foils  = 

4. 

Percent 

Foil  X 

Foil  Y 

Foil  Y 

X 

Suction 

(Circle) 

0.0 

0.0 

91 

* -0.0a ^9 

0.01 

0.0325 

-0.0090 

-0.0090 

0.02 

0.0650 

-0.0091 

-0.0091 

0.03 

0.0975 

-0.0094 

-0.0094 

0.04 

0.1300 

-0.0096 

-0.0096 

0.05 

0.1625 

-0.0100 

-0.0100 

0.10 

0.3250 

-0.0144 

-0.0144 

0.15 

0.4875 

-0.0227 

-0.0227 

0.20 

0.6500 

-0.0346 

-0.0346 

0.25 

0.8I2S 

-0.051  1 

-0.051  1 

0.30 

0.9750 

-0.0728 

-0.0728 

0.35 

1.1375 

-0.0999 

-0.0999 

0.40 

1.3000 

-0.1326 

-0.1326 

0.45 

1.4625 

-0.1722 

-0.1722 

0.50 

1.6250 

-0.2185 

-0.2185 

0.55 

1.7875 

-0.2724 

-0.2724 

0.60 

1.9S00 

-0.3341 

-0.3341 

0.65 

2.1  125 

-0.4043 

-0.4043 

0.70 

2.2750 

-0.4829 

-0.4829 

0.75 

2.4375 

-0.5703 

-0.5703 

0.80 

2.6000 

-0.6666 

— 0.6666 

0.85 

2.7625 

-0.7720 

-0.7720 

0.90 

2.9250 

-0.8864 

-0.8864 

0.95 

3.0875 

-1.0096 

-1.0096 

0.98 

3.1850 

-1.0862 

-1.0862 

0.99 

3.2175 

-1.1 123 

-i.l  123 

1.00 

3.2500 

-1.1415 

-1.1532 

Foil  L.F..  Circle 

X = 0.0250. 

Y = -0.0339, 

R = 0.0250 

Foil  T.E.  Circle 

X = 3.2250, 

Y = -1.1532, 

R = 0.0250 

Foil  L.E.  Tangency  Pt.  Suction 

X = 0.0250, 

Y = -0.0089 

Foil  L.F..  Tangency  Pt.  Pressure 

X = 0.0250, 

Y = -0.0589 

Foil  T.E.  Tangency  Pt.  Suction 

X = 3.2410, 

Y = -1.1  340 

Foil  T.E.  Tangency  Pt.  Pressure 

X = 3.2090, 

Y = -1.1724 

Foil  Nose  Point 

X = 0.0 

Y = -0.0339 

Foil  Tail  Point 

X = 3.2442, 

Y = -1.1692 

Foil  Area  (Less  Core)  = 0.1704 

Gaging 

LAMBDA  = 

1.5786, 

X = 2.4368, 

Y = -0.5699 

Gaging  Angle 

= : 

52.877 

Center  of  Gravity 

X = 1.6908, 

Y = -0.3909 

Radial  Reference 

X = 1.7483, 

Y = 1.2100 

Inlet  Angle 

= 90.000. 

Delta  Beta  1 = 

0.001 

Exit  Angle 

= 50.133, 

Delta  Beta  2 = 

0.001 

Uncovered  Turning 

= 10.405 

Constant  Section  Thickness  = .050 
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UNCLASSIFIED 


TABLE  X 

REDESIGNED  SECOND  VANE  CASCADE  TURNING  VANE 


Radius  of  I/4F  Section  = 9.8437 

Axial  Chord  = 

3.2500 

Actual  Chord  - 3.3792 

Pitch  = 2.0617 

No.  of  Foils  = 

4. 

Percent 

Foil  X 

Foil  Y 

Foil  Y 

X 

Suction 

(Circle) 

0.0 

0.0 

-0.4270 

-0.4520 

0.01 

0.0325 

-0.4270 

-0.4270 

0.02 

0.0650 

-0.4271 

-0.4271 

0.03 

0.0975 

-0.4272 

-0.4272 

0.04 

0.1300 

-0.4274 

-0.4274 

0.05 

0.1625 

-0.4277 

-0.4277 

0.10 

0.3250 

-0.4305 

-0.4305 

0.15 

0.4875 

-0.4358 

-0.4358 

0.20 

0.65 00 

-0.4439 

-0.4439 

0.25 

0.8125 

-0.4551 

-0.4551 

0.30 

0.9750 

-0.4699 

-0.4699 

0.35 

1.1375 

-0.4889 

-0.4889 

0.40 

1.3000 

-0.5125 

-0.5125 

0.45 

1.4625 

-0.5413 

-0.5413 

0.50 

1.6250 

-0.5761 

-0.5761 

0.55 

1.7875 

-0.6176 

-0.6176 

0.60 

1.9500 

-0.6662 

-0.6662 

0.65 

2.1125 

-0.7228 

-0.7228 

0.70 

2.2750 

-0.7878 

-0.7878 

0.75 

2.4375 

-0.8615 

-0.8615 

0.80 

2.6000 

-0.9443 

-0.9443 

0.85 

2.7625 

-1.0362 

-1.0362 

0.90 

2.9250 

-1.1373 

-1.1373 

0.95 

3.0875 

-1.2477 

-1.2477 

0.98 

3.1850 

-1.3201 

-1.3201 

0.99 

3.2175 

- 1.3455 

-1.3455 

1.00 

3.2500 

-1.3676 

-1.3800 

Foil  L.E.  Circle 

X = 0.0250, 

Y = -0.4520, 

R = 0.0250 

Foil  T.E.  Circle 

X = 3.2250, 

Y = -1.3800, 

R = 0.0250 

Foil  L.E.  Tangency  Pt.  Suction 

X = 0.0250, 

Y = -0.4270 

Foil  L.F.  Tangency  Pt.  Pressure 

X = 0.0250, 

Y = -0.4770 

Foil  T.E.  Tangency  Pt.  Suction 

X = 3.2402, 

Y = -1.3601 

E 

Foil  T.E.  Tangency  Pt.  Pres.urc 

X = 3.2098, 

Y = -1.3999 

Foil  Nose  Point 

X = 0.0  » 

Y = -0.4S20 

Foil  Tail  Point 

X = 3.2449, 

Y = -1.3952 

Foil  Area  (Less  Core)  = 0.1  >65 

Gaging 

LAMBDA  * 1.7072, 

X = 2.4622, 

Y = — 0.87  JS 

Gaging  Angle 

= 55.900 

Center  of  Gravity 

X = 1.6891, 

Y = -0.7293 

Radial  Reference 

X = 1.7483, 

Y - 1.2100 

Inlet  Angle 

= 90.000, 

Delta  Beta  1 = 

0.001 

Exit  Angle 

= 52.630, 

Delta  Beta  2 = 

0.001 

Uncovered  Turning 

= 11.264 

Constant  Section  Thickness  = .050 
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TABLE  XI 

REDESIGNED  SECOND  VANE  CASCADE  TURNING  VANE 


Radius  of  3/8T  Section  ~ 10.2343 

Axial  Chord 

= 3.2500 

Pitch  = 2.1435 

No.  of  Foils 

- 4. 

Percent 

Foil  X 

Foil  Y 

X 

Suction 

0.0 

0.0 

—0.8247 

0.01 

0.0325 

-0.8247 

0.02 

0.0650 

-0.8248 

0.03 

0.0975 

-0.8248 

0.04 

0.1300 

-0.8249 

0.05 

0.1625 

-0.8251 

0.10 

0.3250 

-0.8266 

0.15 

0.4875 

-0.8294 

0.20 

0.6500 

-0.8  340 

0.25 

0.8125 

-0.8403 

0.30 

0.9750 

-0.8489 

0.35 

1.1375 

-0.8602 

0.40 

1.3000 

-0.8748 

0.45 

1.4625 

-0.8934 

0.50 

1.6250 

-0.9166 

0.55 

1.7875 

-0.9455 

0.60 

1.9500 

-0.9810 

0.65 

2.1125 

-1.0244 

0.70 

2.2750 

-1.0763 

0.75 

2.4375 

-1.1373 

0.80 

2.6000 

-1.2074 

0.85 

2.7625 

-1.2860 

0.90 

2.9250 

-1.3733 

0.95 

3.0875 

-1.4697 

0.98 

3.1850 

-1.5344 

0.99 

3.2175 

-1.5583 

1.00 

3.2500 

-1.5769 

Foil  L.E.  Circle 

X = 0.0250, 

Y * -0.8497, 

Foil  T.E.  Circle 

X = 3.2250. 

Y = -1.5899, 

Foil  L.E.  Tanpency  Pt.  Suction 

X ^ 0.0250, 

Y - -0.8  i 7 

Foil  L.E.  Tanpency  Pt.  Pressure 

X = 0.0250, 

Y = 

Foil  T.F..  Tangency  Pt.  Suction 

X = 3.2393, 

S'  - 

Foil  T.E.  Tangency  Pt.  Fessure 

X = 3.2107, 

Y . !05 

Foil  Nose  Point 

X = 0.0 

Y = -0.8497 

Foil  Tail  Point 

X = 3.2455. 

Y = -1.6042 

Foil  Area  (Less  Core)  = C .1  670 

Gaging 

LAMBDA  = 

1.8386, 

X = 2.4970, 

Gaging  Angle 

= 

59.065 

Center  of  Gravity 

X = 1.6843, 

Y = -1.0507 

Radial  Reference 

X = 1.7483, 

Y = 1.2100 

Inlet  Angle 

= 90.000, 

Delta  Beta  1 - 

Exit  Angle 

= 55.174, 

Delta  Beta  2 = 

Uncovered  Turning 

= 1 1.840 

Actual  Chord  = 3.3321 


Foil  Y 
(Circle) 

-0.8497 
‘ -0.8247 
-0.8248 
-0.8248 
-0.8249 
-0.8251 
-0.8266 
-0.8294 
-0.8340 
-0.8403 
-0.8489 
-0.8602 
-0.8748 
-0.8934 
-0.9166 
-0.9455 
-0.9810 
-1.0244 
-1.0763 
-1.1373 
-1.2074 
-1.2860 
-1.3733 
-1.4697 
-1.5344 
-1.5583 
— 1.5899 

R = 0.0250 
R ^ 0.0250 


Y = -1.1620 


Constant  Section  Thickness  = .050 
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TABLE  XII 

REDESIGNED  SECOND  VANE  CASCADE  TURNING  VANE 


Radius  of  Tip  Section  10.62  50 

Axial  Chord 

; 3.2500 

Actual  Chord  - 3.2963 

Pitch  2.2253 

No.  of  1 oils 

= 4. 

Percent 

Foil  X 

Foil  Y 

Foil  Y 

X 

Suction 

(Circle) 

0.0 

0.0 

-1.1953 

-1.2203 

0.01 

0.0325 

-1.1953 

— 1.1953 

0.02 

0.0650 

-1.1953 

— 1.1953 

0.03 

0.0975 

-J.1953 

- 1.1953 

0.04 

0.1300 

-1.1954 

-1.1954 

0.05 

0.1625 

-1.1954 

-1.1954 

0.10 

0.3250 

-1.1959 

-1 .1959 

0.15 

0.4875 

-1.1969 

-1.1969 

0.20 

0.6500 

-1.1985 

-1.1985 

0.25 

0.81  25 

-1.2008 

-1.2008 

0.30 

0.9750 

-1.2041 

-1.2041 

0.35 

1.1375 

-1.2087 

-1.2087 

0.40 

1.3000 

-1,2150 

-1.2150 

0.45 

1.4625 

-1.2238 

-1.2238 

0.50 

1.6250 

-1.2358 

-1.2358 

0.55 

1.7875 

-1.2523 

-1.2523 

0.60 

1.9500 

-1.2751 

-1.2751 

0.65 

2.1  125 

-1.3057 

-1.3057 

0.70 

2.2750 

-1.3456 

-1.3456 

0.7  5 

2.4375 

-1.3952 

-1.3952 

0.80 

2.6000 

-1.4534 

-1.4534 

0.85 

2.7625 

— 1.5191 

— 1.5191 

0.90 

2.9250 

-1.5917 

-1.5917 

0.95 

. 3.0875 

-1.6726 

-1.6726 

0.98 

3.1850 

-1.7288 

-1.7288 

0.99 

3.2  1 75 

-1.7544 

-1.7544 

1.00 

3.2500 

-1.7662 

-1.7800 

Foil  L.F.  Circle 

X = 0.0250. 

Y = -1.2  203, 

R = 0.0250 

Foil  T.E.  Circle 

X = 3.2250, 

Y = -1.7800. 

R = 0.0250 

Foil  L.F.  Tangency  Pt.  Suction 

X = 0.0250, 

Y = -1.1953 

I- oil  L.F.  langency  Pt.  Pressure 

Foil  T.F.  Tangency  Pt.  Suction 

A - U.UJjU, 

X = 3.7383, 

Y = — 1.2453 

Y = — 1.7588 

Foil  T.F.  Tangency  Pt.  Pressure 

X = 3.21  17. 

Y = -1.8012 

Foil  Nose  Point 

X = 0.0 

Y = -1.2203 

Foil  Tail  Point 

X = 3.2462. 

N = -1.7933 

Foil  Area  (Less  Core)  = 0.1654 

Caging 

LAMBDA  = 

1.9724, 

X = 2.5401, 

Y = -1.431 1 

Gaging  Angle 

= i 

62.420 

Center  of  Gravity 

X " (.6735. 

Y = -1.3508 

Radial  Reference 

X = 1.7483, 

Y = 1.2100 

Inlet  Angle 

= 90.000, 

Delta  Beta  1 = 

0.000 

Exit  Angle 

= S7.790, 

Della  Beta  2 « 

0.000 

Uncovered  Turning 

- 12.139 

Constant  Section  Thickness  = .050 
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TABLE  XIII 

RECONTOURED  SECOND  VANE 


Radius  of  I F Section  = 7.5000 

Axial  Chord  = 0.8320 

Actual  Chord  = 0.8432 

Pitch  = 0.5890 

No.  of  Foils  - 80.00 

Percent 

Foil  X 

Foil  Y 

Foil  Y 

Foil  Y 

Foil  Y 

X 

Suction 

(Circle) 

Pressure 

(Circle) 

0.0 

0.0 

-0.2059 

-0.201  1 

-0.1571 

-0.201  1 

0.0  i 

0.0083 

-0.2196 

-0.2196 

-0.1660 

-0.1862 

0.02 

0.0166 

-0.2329 

-0.2329 

-0.1750 

-0.1836 

0.03 

0.0250 

-0.2458 

-0.2458 

-0.1820 

-0.1853 

0.04 

0.0333 

-0.2583 

-0.25S3 

-0.192} 

-0.1923 

0.05 

0.0416 

-0.2705 

-0.2705 

-0.2010 

-0.2010 

0.10 

0.0832 

-0.3266 

-0.3266 

-0.2422 

-0.2422 

0.15 

0.1248 

-0.3744 

-0.3744 

-0.2792 

-0.2792 

0.20 

0.1664 

-0.4143 

-0.4143 

-0.31  1 1 

-0.31  1 1 

0.25 

0.2080 

-0.4465 

-0.4465 

-0.3374 

-0.3374 

0.30 

0.2496 

-0.471 1 

-0.471  1 

-0.3572 

-0.3572 

0.35 

0.2912 

-0.4882 

-0.4882 

-0.3699 

-0.3699 

0.40 

0.3328 

-0.4979 

-0.4979 

-0.3752 

-0.3752 

0.45 

0.3744 

-0.5001 

-0.5001 

-0.3727 

-0.3727 

0.50 

0.4160 

-0.4950 

-0.4950 

-0.3627 

-0.3627 

0.55 

0.4576 

-0.4824 

-0.4824 

-0.3453 

-0.3453 

0.60 

0.4992 

-0.4622 

-0.4622 

-0.3214 

-0.3214 

0.65 

0.5408 

-0.4344 

-0.4344 

-0.2914 

-0.2914 

0.70 

0.5824 

-0.3987 

-0.3987 

-0.2562 

-0.2562 

0.75 

0.6240 

-0.3550 

-0.3550 

-0.2164 

-0.2164 

0.80 

0.6656 

-0.3028 

-0.3028 

-0.1728 

-0.1728 

0.85 

0.7072 

-0.2420 

-0.2420 

-0.1260 

-0.1260 

0.90 

0.7488 

-0.1719 

-0.1  719 

-0.0763 

-0.0763 

0.95 

0.7904 

-0.0922 

-0.0922 

-0.0244 

-0.0244 

0.98 

0.8154 

-0.0394 

-0.0394 

0.0074 

0.0075 

0.99 

0.8237 

-0.0210 

-0.0210 

0.0180 

0.0099 

1.00 

0.8320 

-0.0022 

-0.0 

0.294 

-0.0 

foil  L.E.  Circle 

X = 0.0175, 

Y = -0.201  1, 

R = 0.01  7 S 

foil  T.E.  Circle 

X = 0.8220, 

Y = -0.0 

R = 0.0100 

1 oil  L.l  . Tangcncy  Pt.  Suction 

X = 0.0026, 

Y = -0.2102 

I oil  L.J  . T.inpency  Pt.  Pressure 

X = 0.0302, 

Y = -0.1891 

Pivff  *• 

■ --  J 

I oil  T.P.  Iangency  l*t.  Suction 

X = 0.8312, 

Y = —0.0040 

iffi- 

■ri  ifimra 

1 oil  I.E.  Tangency  Pt.  Pressure 

X = 0.8141, 

Y = 0.0061 

Foil  Nose  Point 

X = 0.0069, 

Y = -0.1872 

Foil  Tail  Point 

X = 0.8271, 

Y = 0.0086 

Foil  Area 

= 0.0920 

Gaging 

LAMBDA  = 0.2941, 

X = 0.6024, 

Y = -0.3787 

Gaging  Angle 

= 29.950 

Center  of  Gravity 

X = 0.4301, 

Y = -0.3316 

Radial  Reference 

X = 0.4301, 

Y = -0.3316 

Inlet  Angle 

= 37.330, 

DELTA  BETA  1 = 12..'01 

Exit  Angle 

= 30.570, 

DELTA  BETA  2 = 14.U0J 

Uncovered  Turning 

= 20.089 

Min.  Moment  of  Inertia  = 0.000771 1 5 

Max.  Moment  of  Inertia  = 0.004 50036 

Principal  Axis  Angle  =-17.163 

Pitch/Axial  Chord  = 0.7080 

1’itch/Actual  Chord  = 0.6986 
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TABLE  XIV 

RECONTOURED  SECOND  VANE 


Radius  of  AA  Section  = 7.6500  A\ial  Chord  - 0.8357  Actual  Chord  = 0.8563 

inch  = 0.6008  No.  of  foils  = 80.00 


Percent 

1 oil  X 

Foil  Y 

Foil  Y 

Foil  Y 

Foil  Y 

X 

Suction 

(Circle) 

Pressure 

(Circle) 

0.0 

-0.0083 

-0.2334 

-0.2284 

-0.1826 

-0.2284 

0.01 

0.0001 

-0.2474 

-0.2474 

-0.1916 

-0.2130 

0.02 

0.0085 

-0.2608 

-0.2608 

-0.2005 

-0.2100 

0.03 

0.0168 

-0.2739 

-0.2739 

-0.2078 

-0.21  12 

0.04 

0.0252 

-0.2866 

-0.2866 

-0.2175 

-0.2175 

0.05 

0.0335 

-0.2989 

-0.2989 

-0.2258 

-0.2258 

0.10 

0.0753 

-0.3547 

-0.3547 

-0.2646 

-0.2646 

0.15 

0.1 171 

-0.4017 

-0.4017 

-0.2983 

-0.2983 

0.20 

0.1589 

-0.4401 

-0.4401 

-0.3268 

-0.3268 

0.25 

0.2007 

-0.4703 

-0.4703 

-0.3497 

-0.3497 

0.30 

0.2425 

-0.4926 

-0.4926 

-0.3665 

-0.3665 

0.35 

0.2842 

-0.5072 

-0.5072 

-0.3768 

- 0.3768 

0.40 

0.3260 

-0.5143 

— 0.5  1*4  3 

-0.3803 

-0.3803 

0.45 

0.3678 

-0.5138 

-0.5138 

-0.3768 

-0.3768 

0.50 

0.4096 

-0.5059 

-0.5059 

-0.3664 

-0.3664 

0.55 

0.4514 

-0.4904 

-0.4904 

-0.3492 

-0.3492 

0.60 

0.4932 

-0.4673 

-0.4673 

-0.3254 

-0.3254 

0.65 

0.5350 

-0.4365 

-0.4365 

-0.2954 

-0.2954 

0.70 

0.5767 

-0.3977 

-0.3977 

-0.2594 

-0.2594 

0.75 

0.6185 

-0.3507 

-0.3507 

-0.2182 

-0.2182 

0.80 

0.6603 

-0.2953 

-0.2953 

-0.1725 

-0.1725 

0.85 

0.7021 

-0.2316 

-0.2316 

-0.1230 

-0.1230 

0.90 

0.7439 

-0.1595 

-0.1595 

-0.0702 

-0.0702 

0.95 

0.7857 

-0.0790 

-0.0790 

-0.0146 

-0.0146 

0.98 

0.8107 

-0.0267 

-0.0267 

-0.0197 

0.0195 

0.99 

0.8191 

-0.0085 

-0.008S 

0.0311 

0.0220 

1.00 

0.8275 

0.0099 

0.0121 

0.0433 

0.0121 

Foil  L.E.  Circle 

Foil  T.E.  Circle 

Foil  L.E.  Tangency  I»t.  Suction 
Foil  L.E.  Tangency  Pt.  Pressure 

I oil  T.E.  Tangency  Pt.  Suction 

X = 0.0102. 

X = 0.8175, 

X = -0.0056. 

X - 0.0234, 

X = 0.8266, 

Y = -0.2284, 

Y = 0.0121, 

Y = -0.2379 

Y = -0.2155 

Y = 0.0080 

R=  0.0185 

R = 0.0100 

E~rj~2 

Foil  T.E.  Tangency  Pt.  Pressure 

X = 0.8094, 

Y = 0.0180 

Foil  Nose  Point 

X = -0.0011, 

Y = -0.2138 

Foil  .‘ail  Point 

X = 0.8225, 

Y = 0.0208 

Foil  Area 

= 0.0950 

Gaging 

LAMBDA  = 0.2962, 

X=  0.5916, 

Y = -0.3820 

Gaging  Angle 

29.535 

Center  of  Gravity 

X=  0.4125 

Y = -0.3438 

Radial  Reference 

X = 0.4301, 

Y = -0.3316 

Inlet  Angle 

= 37.732, 

DELTA  BETA  1 = 13. ’’49 

Exit  Angle 

= 30.022, 

DELTA  BETA  2 = 1 ..801 

Uncovered  Turning 

= 18.155 

Min.  Moment  of  Inertia 

= 0.00077791 

Max.  Moment  of  Inertia 

= 0.00472626 

Principal  Axis  Angle 

= -19.327 

htch/Axial  Chord 

= 0.7189 

Pitch/Actual  Chord 

= 0.7016 
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TABLE  XV 

RECONTOURED  SECOND  VANE 


Radius  of  HU  Section  = 8.4863 

Axial  C hord  " 0.856S 

1’itch  = 0.6665 

No.  of  Foils  = 80.00 

Actual  Chord  = 0.9464 

Percent 

Foil  X 

Foil  Y 

Foil  Y 

Fott  Y 

•Toil  Y 

X 

Suction 

(Circle) 

Pressure 

(Circle) 

0.0 

-0.0543 

-0.3634 

-0.3570 

-0.3074 

-0.3570 

0.01 

-0.0458 

-0.3771 

-0.377! 

-0.3156 

-0.3393 

0.02 

-0.0372 

-0.3903 

-0.3903 

-0.3234 

-0.3352 

0.03 

-0.0286 

-0.4030 

-0.4030 

-0.3307 

-0.3347 

0.04 

-0.0201 

-0.4152 

-0.4152 

-0.3376 

-0.3378 

0.0  S 

-0.0115 

-0.4270 

-0.4270 

-0.3442 

-0.3442 

0.10 

0.0313 

-0.4792 

-0.4792 

-0.3719 

-0.3719 

0.15 

0.0741 

-0.5208 

-0.5208 

-0.3925 

-0.3925 

0.20 

0.1170 

-0.5526 

-0.5526 

-0.4073 

-0.4073 

0.25 

0.1598 

-0.5749 

-0.5749 

-0.4168 

-0.4168 

0.30 

0.2026 

-0.5883 

-0.5883 

-0.4215 

-0.4215 

0.35 

0.2454 

-0.5931 

-0.5931 

-0.4215 

-0.4215 

0.40 

0.2883 

-0.5893 

-0.5893 

-0.4168 

-0.4168 

0.45 

0.331 1 

-0.5773 

-0.5773 

-0.4073 

-0.4073 

0.50 

0.3739 

-0.5571 

-0.5571 

-0.3927 

-0.3927 

0.55 

0.4167 

-0.S287 

-0.5287 

-0.3722 

-0.3722 

0.60 

0.4596 

-0.4921 

-0.4921 

-0.3450 

-0.3450 

0.65 

0.5024 

-0.4472 

-0.4472 

-0.3101 

-0.3101 

0.70 

0.5452 

-0.3939 

-0.3939 

-0.2671 

-0.2671 

0.75 

0.5880 

-0.3319 

-0.3319 

-0.2165 

-0.2165 

0.80 

0.6309 

-0.2616 

-0.2616 

-0.1594 

-0.1594 

0.85 

0.6737 

-0.1842 

-0.1842 

-0.0968 

-0.0968 

0.90 

0.7165 

-0.1010 

-0.1010 

-0.0293 

-0.0293 

0.95 

0.7593 

-0.0134 

-0.0134 

0.0425 

0.0425 

0.98 

0.7850 

0.0408 

0.0408 

0.0874 

0.0867 

0.99 

0.7936 

0.0S91 

0.0591 

0.1027 

0.0896 

1.00 

0.8022 

0.0775 

0.0797 

0.1182 

0.0797 

Foil  L.E.  Circle 

X = -0.0318, 

Y = -0.3570, 

R = 0.0225 

Foil  T.E.  Circle 

X = 0.7922, 

Y = 0.0797, 

R = 0.0100 

Foil  L.E.  Tangency  Pt.  Sucti  n 

X = -0.0509, 

Y = -0.3689 

Foil  L.E.  Tangency  Pt.  Pressure 

X = -0.0181, 

Y = -0.3392 

Foil  T.E.  Tangency  Pt.  Sucti  »n 

X = 0.8012, 

Y = 0.0755 

Foil  T.E.  Tangency  Pt.  Pressi  -e 

X = 0.7835, 

Y = 0.0846 

Foil  Nose  Point 

X = —0.0469, 

Y = -0.3403 

Foil  Tail  Point 

X = 0.7967, 

Y = 0.0886 

Foil  Area 

= 0.1068 

Gaging 

LAMBDA  = 0.3033, 

X = 0.5419, 

Y = -0.3982 

Gaging  Angle 

= 27.070 

Center  of  Gravity 

X = 0.3464, 

Y = -0.4008 

Radial  Reference 

X = 0.4301, 

Y = -0.3316 

Inlet  Angle 

= 42.100, 

DELTA  BETA  1 = 20  250 

Exit  Angle 

= 27.170, 

DELTA  BETA  2 = 4 500 

Uncovered  Turning 

= 12.000 

Min.  Moment  of  Inertia 

= 0.00079620 

Max.  Moment  of  Inertia 

= 0.00602193 

Principal  Axis  Angle 

= -29.781 

Pitch/Axial  Chord 

= 0.7782 

Pitch/Actual  Chord 

= 0.7042 
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UNCLASSIFIED 


UNCLASSIFIED 


TABLE  XVI 

RECONTOURED  SECOND  VANE 


Radius  of  IV  Section  - 9.47  2 5 

Alia 

1 Chord  ^ 0.8810 

Pitch  0.7440 

No.  i 

>f  1 oils  = 80.00 

Actual  Chord  = 1.0660 

Percent 

Foil  X 

Foil  Y 

Foil  Y 

Foil  Y 

Foil  Y 

X 

Suction 

(Circle) 

h-essure 

(Circle) 

0.0 

-0.1087 

-0.4728 

-0.4641 

-0.4202 

-0.4641 

0.0 1 

-0.0999 

-0.4838 

- 0.4838 

-0.4259 

-0.4450 

0.02 

-0.091 1 

-0.4945 

-0.4945 

-0.4313 

-0.4402 

0.03 

-0.0822 

-0.5049 

-0.5049 

-0.4364 

-0.4391 

0.04 

-0.0734 

-0.5150 

-0.5150 

-0.44  12 

-0.4413 

0.05 

-0.0646 

-0.5247 

-0.5247 

-0.4458 

-0.4458 

0.10 

-0.0206 

-0.5685 

-0.5685 

-0.4647 

-0.4647 

0.15 

0.0235 

-0.6039 

-0.6039 

-0.4778 

-0.4778 

0.20 

0.0675 

-0.6304 

-0.6304 

-0.4858 

-0.4858 

0.25 

0.1116 

-0.6480 

-0.6480 

-0.48S9 

-0.4889 

0.30 

0.1556 

-0.6563 

-0.6563 

-0.4872 

-0.4872 

0.35 

0.1997 

-0.6552 

-0.6552 

-0.4807 

-0.4807 

0.40 

0.2437 

-0.6447 

-0.6447 

-0.4692 

-0.4692 

0.45 

0.2878 

-0.6247 

-0.6247 

-0.45  21 

-0.4521 

o.so 

0.3318 

-0.5952 

-0.5952 

-0.4288 

-0.4288 

0.55 

0.3759 

-0.5563 

-0.5563 

-0.3982 

-0.3982 

0.60 

0.4199 

-0.5083 

-0.5083 

-0.3592 

-0.3592 

0.65 

0.4640 

-0.4513 

-0.4513 

-0.31  13 

-0.3113 

0.70 

0.5080 

-0.3857 

-0.3857 

-0.2553 

-0.2553 

0.75 

0.5521 

-0.31 17 

-0.31 17 

-0.1922 

-0.1922 

O.SO 

0.5961 

-0.2299 

-0.2299 

-0.1230 

-0.1230 

0.85 

0.6402 

-0.1412 

-0.1412 

-0.0486 

-0.0486 

0.90 

0.6842. 

-0.0465 

-0.0465 

0.0307 

0.0307 

0.95 

0.7283 

0.0533 

0.0533 

0.1  144 

0.1 144 

0.98 

0.7547 

0.1153 

0.1  153 

0.1665 

0.1659 

0.99 

0.7635 

0.1363 

0.1363 

0.1843 

0.1693 

1.00 

0.7723 

0.1574 

0.1  594 

0.2021 

0.1594 

Foil  L.F..  Circle 

X = -0.0837, 

Y = -0.4641, 

R = 0.0250 

Foil  T.F.  Circle 

X = 0.7623, 

Y = 0.1594. 

R = 0.0100 

Foil  L.K.  Tangency  Pt.  Suction 

X - -0.1032, 

Y = -0.4797 

Foil  L.F.  Tangency  Pt.  Pressure 

X = -0.0720, 

Y = -0.4420 

Foil  T.F.  Tangency  Pt.  Suction 

X - 0.7716, 

Y = 0.1556 

Foil  T.E.  Tangency  Pt.  Pressure 

X = 0.7534, 

Y = 0.1639 

Foil  Nose  Point  • 

X = -0.1030, 

X ~ 0.7665, 

Y = -0.4482 

EfT 

htiii 

f ji I Tail  Point 

Y = 0.1685 

Foil  Area 

= 0.1117 

Gaging 

LAMBDA  = 0.3115, 

X = 0.4937. 

Y = -0.4080 

Gaging  Angle 

= 24.750 

Center  of  Gravity 

X = 0.3086, 

Y “ -0.4308 

Radial  Reference 

X = 0.4301, 

Y ^ -0.3316 

Inlet  Angle 

= 50.500, 

DELTA  BLTA  1 = : 3.500 

Exit  Angle 

= 24.580, 

DELTA  BETA  2 = 4.000 

Uncovered  Turning 

= 10.674 

Min.  Moment  of  Inertia 

= 0.00078028 

Max.  Moment  of  Inertia 

= 0.00818481 

Principal  Axis  Angle 

= -38.899 

Pitch/Axial  Chord 

* 0.8445 

htch/Actual  Chord 

* 0.6979 
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UNCLASSIFIED 


TABLE  XVII 

RECONTOURED  SECOND  VANE 


Radius  of  1)0  Section  - 10.4600 

Axial  Chord  0.9055 

Actual  Chord  - 1 . 1 ‘ 

Pitch  = 0.821  5 

No.  of  Foils  = 80.00 

Percent 

Foil  X 

Foil  Y 

Foil  Y 

Foil  Y 

Foil  Y 

X 

Suction 

(Circle) 

Pressure 

(Circle) 

0.0 

-0.1631 

- 0.5384 

-0.5273 

-0.4868 

*-0.5273 

0.01 

-0.1540 

-0.5479 

-0.5479 

-0.4907 

-0.5069 

0.02 

-0.1450 

-0.S570 

-0.5570 

-0.4945 

-0.50 1 5 

0.03 

-0.1359 

-0.5659 

-0.5659 

-0.4980 

-0.4998 

0.04 

-0.1269 

-0.5746 

-0.5746 

-0.5012 

-0.501  2 

0.05 

-0.1 178 

-0.5829 

-0.5829 

-0.5043 

-0.5043 

0.10 

-0.0725 

-0.6  200 

-0.6200 

-0.5164 

-0.5164 

0.15 

-0.0273 

-0.6493 

-0.6493 

-0.5234 

-0.5234 

0.20 

0.0180 

-0.6702 

-0.6702 

-0.5257 

-0.5257 

0.25 

0.0633 

-0.6821 

-0.6821 

-0.5232 

-0.5232 

0.30 

0.1086 

-0.6349 

-0.6849 

-0.5159 

-0.5159 

0.35 

0.1539 

-0.6781 

-0.6781 

-0.5036 

-0.5036 

0.40 

0.1991 

-0.6615 

-0.6615 

-0.48S7 

-0.4857 

0.45 

0.2444 

-0.6350 

-0.6350 

-0.4616 

-0.4616 

0.50 

0.2897 

-0.5984 

-0.5984 

-0.4303 

-0.4303 

0.55 

0.3350 

-0.5S20 

-0.5520 

-0.3905 

-0.3905 

0.60 

0.3802 

-0.4958 

-0.4958 

-0.3416 

-0.3416 

0.65 

0.4255 

-0.4303 

-0.4303 

-0.2843 

-0.2843 

0.70 

0.4708 

-0.3557 

-0.3557 

-0.2194 

-0.2194 

0.75 

0.5161 

-0.2726 

-0.2726 

-0.1481 

-0.1481 

0.80 

0.5613 

-0.1819 

-0.1819 

-0.071  2 

-0.0712 

0.85 

0.6066 

-0.0845 

-0.0845 

0.0109 

0.0109 

0.90 

0.6519 

0.0184 

0.0184 

0.0977 

0.0977 

0.95 

0.6972 

0.1260 

0.1260 

0.1888 

0.1888 

0.98 

0.7243 

0.1924 

0.1924 

0.2455 

0.2451 

0.99 

0.7334 

0.2148 

0.2148 

0.2647 

0.2492 

1.00 

0.7424 

0.2373 

0.2392 

0.2840 

0.2392 

Foil  L.E.  Circle 

X = -0.1356, 

Y = -0.5273, 

R = 0.0275 

Foil  T.E.  Circle 

X = 0.7325, 

Y = 0.2392, 

R = 0.0100 

Foil  L.F..  Tangency  Pt.  Suction 

X = -0.1554. 

Y = -0.5464 

1 - 1 ill  1 I-  T •incn*nrv  l*t  Prpwiin* 

X = —0. 1 265, 

Y = —0.501 4 

ll/ll  I-  • 1 . . II.  II  V J.lUl  V 

Foil  T.E.  Tangency  Pt.  Suction 

X = 0.7417, 

Y = 0.2355 

Foil  T.E.  Tangency  Pt.  Press-ire 

X = 0.7234, 

Y = 0.2435 

Foil  Nose  Point 

X = -0.1  587, 

Y = -0.5125 

Foil  Tail  Point 

X = 0.7365, 

Y = 0.2484 

Foil  Area 

= 0.1166 

Gaging 

LAMBDA  = 0.3307. 

X = 0.4425, 

Y = -0.4034 

Gaging  Angle 

= 23.739 

Center  of  Gravity 

X = 0.2691. 

Y = -0.4297 

Radial  Reference 

X - 0.4301, 

Y -0.3316 

Inlet  Angle 

= 57.407, 

Dl  l TA  BETA  1 = 2. ..7  58 

Exist  Angle 

= 23.599, 

DELTA  BETA  2 = 

1.500 

Uncovered  Turning 

* 9.789 

Min.  Moment  of  Inertia 

0.00074674 

Max.  Moment  of  Inertia 

= 0 01048401 

Principal  Axis  Angle 

* 43.784 

Pitch/Axial  Chord 

* 0.4072 

Pitch/ActuaJ  Chord 

= 0.6992 

UNCLASSIFIED 


TABLE  XVIII 

RECONTOURED  SECOND  VANE 


Radius  of  EE  Section  = 10.8600 

Axial  Chord  = 0.91  SS 

Actual  Chcrd  - 1.1982 

huh  = 0.85  29 

No.  of  Foils  = 80.00 

Percent 

Foil  X 

Foil  Y 

l oil  Y 

Foil  Y 

Foil  Y 

X 

Suction 

(Circle) 

Pressure 

(Circle) 

0.0 

-0.1851 

-0.S304 

-0.5179 

-0.4776 

-0.5179 

0.01 

-0.1760 

-0.S387 

-0.5386 

-0.4806 

-0.4973 

0.02 

-0.1668 

-0.5468 

-0.5468 

-0.4845 

-0.4  91  7 

0.03 

-0.1577 

-0.5548 

-0.5548 

-0.4879 

-0.4900 

0.04 

-0.1485 

-0.5625 

-0.5625 

-0.4914 

-0.4914 

0.05 

-0.1393 

-0.5700 

-0.5700 

-0.4944 

-0.4944 

0.10 

-0.0936 

-0.6034 

-0.6034 

-0.5061 

-0.5061 

0.15 

-0.0478 

-0.6301 

-0.6301 

-0.5124 

-0.5124 

0.20 

-0.0020 

-0.6496 

-0.6496 

-0.5135 

-0.S13S 

0.25 

0.0437 

-0.6613 

-0.6613 

-0.5094 

-0.5094 

0.30 

0.0895 

-0.6648 

-0.6648 

-0.5002 

-0.5002 

0.35 

0.1353 

-0.6S9S 

-0.6595 

-0.4855 

-0.4855 

0.40 

0.181 1 

-0.6449 

-0.6449 

-0.4649 

-0.4649 

0.45 

0.2268 

-0.6207 

-0.6207 

-0.4381 

-0.4381 

0.50 

0.2726 

-0.5863 

-0.5863 

-0.4041 

-0.4041 

0.55 

0.3184 

-0.5416 

-0.5416 

-0.3620 

-0.3620 

0.60 

0.3642 

-0.4866 

-0.4866 

-0.31  16 

-0.31  16 

0.65 

0.4099 

-0.4213 

-0.4213 

-0.2535 

-0.2535 

0.70 

0.4557 

-0.3461 

-0.3461 

-0.1884 

-0.1  884 

0.7S 

0.5015 

-0.2615 

-0.2615 

-0.1  171 

-0.1  171 

0.80 

0.5473 

-0.1684 

-0.1684 

-0.0402 

-0.0402 

0.85 

0.5930 

-0.0677 

-0.0677 

0.0419 

0.0419 

0.90 

0.6388 

0.0395 

0.0395 

0.1289 

0.1289 

0.95 

0.6846 

0.1522 

0.1522 

0.2204 

0.2204 

0.98 

0.7120  ' 

0.2222 

0.2222 

0.2774 

0.2771 

0.99 

0.7212 

0.2459 

0.2459 

0.2972 

0.2815 

1.00 

0.7303 

0.2697 

0.2716 

0.3161 

0.2716 

Foil  L.E.  Circle 

X = -0.1572, 

Y = -0.5179, 

R = 0.0279 

Foil  T.E.  Circle 

X=  0.7203, 

Y = 0.2716, 

R = 0.0100 

Foil  L.E.  Tangency  Pt.  Suction 

X = -0.1758, 

Y = -0.5387 

Foil  L.E.  Tangency  Pt.  Pressure 

X = -0.1483. 

Y = -0.4915 

W*1  V <• 

— 

Foil  T.E.  Tangency  Pt.  Suet. on 

X = 0.7297, 

Y = 0.2680 

CM  ",  It 

Foil  T.E.  Tangency  Pt.  Pres  ure 

X=  0.7113, 

Y = 0.2759 

Foil  Nose  Point 

X = -0.1  813, 

Y = -0.5039 

Foil  Tail  Point 

X = 0.7243, 

Y = 0.2807 

Foil  Area 

*=  0.1242 

Gaging 

LAMBDA  = 0.3378, 

X = 0.4248, 

Y = 0.3980 

Gaging  Angle 

= 23.334 

Center  of  Gravity 

X = 0.2674. 

Y = -0.3990 

Radial  Reference 

X = 0.4301, 

Y = —0.331 6 

Inlet  Angle  = 59.762.  DELTA  BETA  1 = 2 3.045 

Exit  Angle  = 23.247,  DELTA  BETA  2 = 4.366 

Uncovered  Turning  = 10.844 

Min.  Moment  of  Inertia  = 0.00078773 

Max.  Moment  of  Inertia  = 0.01  1 55412 

Principal  Axis  Angle  = -44.493 

Pitch/Axial  Chord  = 0.9317 

Pitch/Actual  Chord  = 0.7118 


UNCLASSIFIED 
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7 ABLE  XIX 


I 


r 


!- 


RECONTOUREO  SECOND  VANE 


Radius  of  GO  Section  " 1 1 .4450 
Pitch  = 0.8089 


Axial  Chord  0.9300 
No.  of  pods  ■ 80.00 


Actual  Chord  = 1.2024 


Percent  T 

Foil  X 

Foil  Y 

Foil  Y 

X 

Suction 

(Circle) 

0.0 

0.2173 

-0.4729 

-0.4577 

0.01 

-0.2080 

-0.4783 

-0.4783 

0.02 

-0.1987 

-0.4845 

-0.4845 

0.03 

-0.1894 

-0.4902 

-0.4902 

0.04 

-0.1801 

-0.4959 

-0.4959 

0.05 

-0.1708 

-0.5014 

-0.5014 

0.10 

-0.1243 

-0.5274 

-0.5274 

0.15 

-0.0778 

-0.5502 

-0.5502 

0.20 

-0.0313 

-0.5693 

-0.5693 

0.2S 

0.0152 

-0.5839 

-0.5839 

0.30 

0.0617 

-0.5931 

-0.5931 

0.3S 

0.1082 

-0.5958 

-0.5958 

0.40 

0.1547 

—0.59  1 0 

-0.5910 

0.4S 

0.2012 

-0.5773 

-0.5773 

0.50 

0.2477 

-0.5S34 

-0.5534 

0.55 

0.2941 

-0.5182 

-0.5182 

0.60 

0.3407 

-0.4710 

-0.47  10 

0.65 

0.3872 

-0.41  12 

-0.4!  12 

0.70 

0.4337 

-0.3391 

-0.3391 

0.7S 

0.4802 

-0.2553 

-0.2553 

0.80 

0.5267 

-0.1602 

-0.1602 

0.85 

0.5731 

-0.0S48 

-0.0548 

0.90 

0.6197 

0.0604 

0.0604 

0.95 

0.6662 

0.1846 

0.1846 

0.98 

0.6941 

0 2632 

0.2632 

0.99 

0.7034 

0.2900 

0.2900 

1. 00 

0.7127 

0.317J 

0.3188 

Foil  L.E.  Circle 

X = -0.1898. 

Y = —0.4577, 

R = 0.0275 

Foil  T.E.  Circle 

X = 0.7027. 

Y = 0.3188, 

R=  0.0100 

Foil  L.E.  Tangency  Pt.  Suction 

X = -0.204S, 

= -0.4810 

Foil  L.E.  Tangency  Pt.  Pressure 

X = -0.1795, 

Y = -0.4322 

Foil  T.E.  Tangency  Pt.  Suction 

X = 0.7121. 

Y = 0.3156 

Foil  T.E.  Tangency  Pt.  Pre^aic 

X = 0.6937, 

Y = 0.3233 

Foil  Nose  Point 

X = -0.2143, 

Y = -0.4451 

Foil  Tail  Foint 

X = 0.7065. 

Y = 0.3281 

Foil  Area 

= 0.1438 

Gaging 

LAMBDA  = 0.^459, 

X = 0.4050, 

Y = -0.3849 

Gaging  Angle 

= 22.630 

Center  of  Gravity 

X-  0.2813, 

Y = -0.3210 

Radial  Reference 

X = C.4301, 

Y = -0.3316 

Inlet  Angle 

= 62.900, 

DELTA  BETA  1 = 

10.000 

Exit  Angle 

= 22.570. 

DFLTA  BETA  2 = 

7.500 

Uncovered  Turning 

= 14.5’ 

Min.  Moment  of  Inertia 

= 0.00095658 

Max.  Moment  of  Inertia 

= 0.01  280395 

Principal  Axis  Angle 

= -44.549 

Pitch/Axial  C i 

- 0.9665 

Pitch /Actual  C*  . d 

* 0 7476 

Foil  Y 

Foil  Y 

Pressure 

(Circle) 

-0.4169 

-0.4577 

-0.4  182 

-0.4370 

-0.42  32 

- 0.4316 

-0.4272 

-0.4302 

-0.4319 

-0.4319 

-0.4356 

-0.4356 

-0.4  500 

-0.4500 

-0.4579 

-0.4579 

-0.4593 

-0.4593 

-0.4542 

-0.4542 

-0.4426 

-0.4426 

-0.4244 

-0.4244 

-0.3999 

-0.3999 

-0.3689 

-0.3689 

-0.3317 

-0.3317 

-0.2882 

-0.2882 

-0.2387 

-0.2387 

-0.1831 

-0.1831 

-0.1217 

-0.1217 

-0.0545 

0.0545 

0.0182 

0.0182 

0.0964 

0.0964 

0.1799 

0.1799 

0.2685 

0.2685 

0.3239 

0.3239 

0.3448 

0.3288 

0.3616 

0.3188 
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TABLE  XX 


RECONTOURED  SECOND  VANE 


Kadiux  of  Mil  Section  11.4100  Axial  Chord  = 0.9291  Actua1  Chord  = 1.2031 

Pitch  0.8961  No.  of  I nils  = 80.00 


Percent 

Foil  X 

Foil  Y 

Foil  Y 

Foil  Y 

Foil  Y 

X 

Suction 

(Circle) 

Pressure 

(Circle) 

0.0 

-0.2154 

-0.4778 

-0.4628 

-0.4221 

-0.4628 

0.01 

-0.2061 

-0.4835 

-0.4835 

-0.4235 

-0.4422 

0.02 

-0.1968 

-0.4898 

-0.4898 

-0.4  2 84 

- 0.4368 

0.03 

-0.187S 

-0.4957 

-0.4957 

-0.4323 

-0.4353 

0.04 

-0.1783 

-0.5015 

-0.5015 

-0.4370 

-0.4370 

0.05 

-0.1690 

-0.5072 

-0.5072 

-0.4406 

-0.4406 

0.10 

-0.1225 

-0.5337 

-0.5337 

-0.4547 

-0.4547 

0.15 

-0.0761 

-0.5568 

-0.5568 

-0.4625 

-0.4625 

0.20 

-0.0296 

-0.5758 

-0.5758 

-0.4638 

-0.4638 

0.25 

0.0169 

-0.S901 

-0.S90I 

-0.4587 

-0.4587 

0.30 

0.0633 

-0.5988 

-0.5988 

-0.4472 

-0.4472 

0.35 

0.1098 

-0.6009 

-0.6009 

-0.4293 

-0.4293 

0.40 

0.1562 

-0.5952 

-0.5952 

-0.4050 

-0.4050 

0.45 

0.2027 

-0.5806 

-0  5806 

-0.3743 

-0.3743 

0.50 

0.2491 

-0.5559 

-0.5559 

-0.3372 

-0.3372 

0.55 

0.2956 

-0.5199 

-0.5199 

-0.2938 

-0.2938 

0.60 

0.3421 

-0.4720 

-0.4720 

-0.2440 

-0.2440 

0.65 

0.3885 

-0.41  17 

-0.41  17 

-0.1882 

-0.1882 

0.70 

0.4350 

-0.3393 

-0.3393 

-0.1  264 

-0.1  264 

0.75 

0.4814 

-0.2553 

-0.2553 

-0.0589 

-0.0589 

0.80 

0.5279 

-0.1603 

-0.1603 

0.0143 

0.0143 

0.85 

0.5743 

-0.0552 

-0.0552 

0.0928 

0.0928 

0.90 

0.6208 

0.0595 

0.0595 

0.1766 

0.1  766 

0.95 

0.6673 

0.1829 

0.1  829 

0.2655 

0.265S 

0.98 

0.6951  ' 

0.2608 

0.2608 

0.3212 

0.321  1 

0.99 

0.7044 

0.2874 

0.2874 

0.3420 

0.3260 

1.00 

0.71  37 

0.3143 

0.3160 

0.3590 

0.3160 

Foil  L.E.  Circle 

X - -0.1879, 

Y - -0.4628, 

R = 0.0276 

Foil  T.E.  Circle 

X = 0.7037, 

Y = 0.3160, 

R = 0.0100 

Foil  L.E.  Tangency  Pt.  Suction 

X = -0.2028. 

Y = -0.4860 

Foil  L.E.  T angency  Pt.  Pressure 

X = -0.1776. 

Y = -0.4372 

■HI  II  I'w  141  )'|  1 

Foil  T.E.  Tangency  Pt.  Sue  ion 

X = 0.7132, 

Y = 0.3128 

. Ill  jUuui 

Foil  T.E.  Tangency  Pt.  Pre*  sure 

X = 0 6947. 

Y ~ 0.3204 

mm 

Foil  Nose  Point 

X = -0.2124, 

Y - -0.4502 

Foil  Tail  Point 

X = 0.7076, 

Y = 0.3252 

Foil  Area 

= 0.1423 

Gaging 

LAMBDA  = 0.3455, 

X=  0.4061. 

Y = -0.3857 

Gaging  Angle 

= 22.676 

Center  of  Gravity 

X = 0.2801. 

Y = -0.3265 

Radial  Reference 

X = 0.4301, 

Y = -0.3316 

Inlet  Angle 

= 62.722. 

DELTA  BETA  I = 

1 1.047 

Exit  Angle 

= 22.616. 

DELTA  BETA  2 = 

7.249 

Uncovered  Turning 

= 14.210 

Min.  Moment  of  Inertia 

= 0.00094165 

Max.  Moment  of  Inertia 

= 0.0 1 27S547 

Principal  Axis  Angle 

= —44.566 

Pitch/Axial  Chord 

= 0.9645 

Pitih/ Actual  Chord 

= 0.7448 

(The  reverse  of  this  puce  is  blank) 
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U ABSTRACT  j 

(U)  A comprehensive,  four-phase,  three-year  program  is  in  progress  to  investigate  methods  of  improving  the  performance  of 
fan-drive  turbines.  The  goals  of  tins  program  arc  to  Envelop  turbine  design  procedures  and  aerodynamic  techniques  for  high 
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lishment  of  both  two-dimensional  loss  levels  and  three-dimensional  flow  behavior  for  the  baseline  airfoils  and  for  airfoil . 
utilizing  various  boundary  lave,  control  methods.  The  design  of  the  baseline  cascade  packs  was  reported  in  the  Referen.e  2 
Report,  and  the  three-dimensic  nal  performance  of  the  baseline  airfoils  was  reported  in  the  Reference  3 Report.  The  test 
results  of  the  baseline  airfoil  boundary  layer  control  methods  and  the  performance  of  the  decreased  solidity  annular  cas  "ides 
are  presented  in  this  report. 
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